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EXECUTIVE SUMMARY 
 
Background 
The research project was formulated to solve possible environmental and public health 
impacts which can result from the failure of subsurface dispersal systems used for the 
application of effluent from on-site sewage treatment systems. On-site sewage treatment 
systems adopt a treatment train approach with the associated soil dispersal area playing 
a crucial role. The most common on-site sewage treatment system that is used is the 
conventional septic tank and subsurface effluent dispersal system. The subsurface 
effluent dispersal area is given high priority as it is the ‘last line of defence’ before 
effluent enters a groundwater or surface water source. This underlies the vital 
importance of employing reliable science-based site suitability assessment techniques 
for effluent dispersal.  
 
The Project 
The study was conducted within the Logan City Council area. About 50% of the Logan 
region is unsewered and the common type of on-site sewage treatment used is a septic 
tank with a subsurface effluent dispersal area. The work undertaken consisted of 
extensive field investigations, soil sampling and testing, laboratory experiments and 
extensive data analysis. 
 
The overall study consisted of three stages of soil evaluation, namely (1) a theoretical 
soil evaluation; (2) multivariate chemometrics analysis; and (3) soil column 
experiments conducted under laboratory conditions. The theoretical soil evaluation was 
based on physico-chemical data derived from the extensive field sampling and testing 
regime undertaken during the study. This evaluation allowed a preliminary assessment 
of the effluent renovation ability of the different soil groups found within the study area. 
However a shortcoming of this evaluation was that only a limited number of physico-
chemical parameters could be taken into consideration. Unfortunately, due to the large 
amount of data generated during extensive field investigations, manipulating or 
analysing the entire dataset in order to derive meaningful outcomes was difficult. 
Through this study several other important physico-chemical parameters, although 
investigated, but did not play a major role in the initial evaluation. The twin challenges 
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of manipulating the large volumes of data collected, and the need to develop reliable 
methodology for soil evaluation, was overcome by using multicriteria decision making 
methods of PROMETHEE and GAIA. The use of multivariate data analysis techniques 
allowed the assessment of all key soil physico-chemical characteristics to be conducted 
and to identify the interactions and correlations between multiple parameters that are 
difficult to achieve using simple statistical analysis. This approach helped to derive a 
better understanding of soil behaviour on the basis of its physico-chemical 
characteristics, and further enhance the initial soil evaluation based on the collected 
physico-chemical information.  
 
Subsequently, the conclusions derived from the evaluation of collected physico-
chemical data were validated using experimental soil columns. The three evaluation 
stages as formulated provided valuable information regarding soil performance under 
sewage effluent application by helping to link theoretical evaluations to field conditions. 
The integration of the extensive data and knowledge generated through the various 
stages of soil evaluation made it possible to develop a ‘Soil treatment ability map’ for 
on-site sewage treatment. This map was then integrated with the flood risk map to 
develop a ‘Risk map for on-site sewage treatment’ for the Logan region, thus providing 
information on the land capability for on-site sewage treatment. A further important 
outcome was that the data generated through the laboratory column experiment enabled 
the determination of the long term acceptance rate (LTAR) for the common soil types in 
the study region.  
 
The study outcomes enabled the achievement of the primary aims of the project. It is 
expected that this research will contribute to achieving the following objectives: 
Provide a rational basis for strengthening management strategies governing on-site 
sewage treatment in the Logan City Council area. 
• 
• 
• 
The continuous improvement and/or development of relevant design criteria based 
on currently available ‘state of the art’ research outcomes. 
Ensuring that the land capability to treat sewage effluent is one of the primary 
factors taken into consideration in decision making relating to land development. 
 
The key findings from the study and recommendations made are listed separately in the 
following pages. 
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SUMMARY OF KEY FINDINGS 
 
Based on the investigations undertaken, the following key findings were derived: 
 
1. 
2. 
The proper functioning of an on-site sewage treatment system is dependent on the 
availability of suitable subsurface soil conditions for effluent dispersal. Soil has two 
pertinent roles to provide in the effluent treatment process; (1) to provide suitable 
conditions for the dispersal of effluent (i.e. have suitable permeability to allow 
effluent to percolate through the soil, without hydraulically overloading) and (2) 
retain suitable attenuation and removal of effluent pollutants. The discharging of 
effluent to a soil with poor physical or chemical characteristics can lead to serious 
public health or environmental consequences. As such, understanding soil 
mineralogy is crucial in order to evaluate the ability of a soil to renovate and 
disperse the discharged effluent (Chapter 2).  
 
The summary of the results from the soil analysis were (Section 4.5):  
• The soils in the study area are acidic in nature. Soil acidity inhibits microbial 
activity which is important for effluent treatment. 
• Most of the soils have a higher ability to remove phosphorus, rather than 
nitrogen.  
• Effluent transmission through the subsurface has a large impact on the soil’s 
ability to treat sewage effluent. The more time soil can retain effluent allows 
increased interactions between effluent pollutants and the soil particles, 
providing more appropriate renovation. However, longer retention times occur 
with slower permeability which can lead to hydraulic failure. 
• In most of the investigated sites, organic matter decreases down the soil profile 
which in turn reduces its ability to remove effluent pollutants, particularly 
nutrients. 
• In general, the sites have a low exchangeable sodium percentage. This is 
beneficial as soils with high exchangeable sodium can result in dispersion of 
clay particles as a consequence of long-term effluent dispersal, resulting in 
reduced soil permeability. 
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3. 
4. 
5. 
The soil behaviour varied in the treatment level provided and was influenced by soil 
physico-chemical characteristics. Based on the detailed soil evaluations undertaken 
on the more common soil types found in the Logan region, the following outcomes 
were derived: 
• Soils considered to provide a low capacity to renovate effluent included Podosol 
and Red Dermosol soils;  
• Soils retaining a moderate effluent renovation capacity were Yellow Kurosol, 
Brown Kurosol, Brown Vertosol, Brown Dermosol, Yellow Dermosol, Yellow 
Chromosol and Grey Chromosol; and  
• Soils found to provide a high treatment capacity to renovate effluent were Red 
Ferrosol, Black Sodosol and Red Kandosol (Section 6.11). 
 
The long term acceptance rate (LTAR) for subsurface effluent dispersal ranged from 
0.18 to 0.22 cm/day for the major soil groups found throughout the Logan region. 
LTAR values are critical parameters in the design of subsurface sewage effluent 
dispersal systems. Using realistic LTAR values in on-site system design will help to 
reduce the risk of hydraulic failure of these systems (Section 7.4). 
 
The time required for the percolation rate of effluent to reach the established LTAR 
varied markedly, from 41 days to 304 days. This was due to factors such as effluent 
quality and loading rates, and soil properties such as structure, texture and 
mineralogy. Soil mineralogy has a significant influence on the development of the 
clogging mat (Section 7.4).  
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RECOMMENDATIONS 
 
Based on the outcomes of the research undertaken, the following recommendations are 
made: 
1. The wide ranging field investigations and soil testing undertaken has enabled the 
development of an extensive soil physico-chemical database for the Logan region, 
albeit for the unsewered area. This depth of soil investigations has not been 
undertaken previously anywhere in the Queensland State. It is important that this 
information is appropriately archived and made available for any future scientific 
investigations that may be conducted within the Logan local government area 
(Chapter 4). The continual development of a database of this nature will provide a 
strong scientific assessment of soils within the South East Queensland region.  
 
2. The long term acceptance rates (LTAR) derived for the common soils within the 
region should be an important parameter in the design of subsurface effluent 
dispersal systems. The use of this data for design is more appropriate than the use of 
percolation rates using the common soil percolation test. It is recommended that this 
data is made available to those who are involved in the design of subsurface effluent 
dispersal areas (Chapter 7). 
 
3. It is important that the ‘Risk map for on-site sewage treatment’ developed, is given 
an important role in future land development within the Logan region. Incorporation 
of such a map into the current planning scheme will enable more appropriate 
decision making processes to be developed in relation to landuse within the 
unsewered regions of Logan City. This in turn would enable the development of 
performance based management strategies to ensure compliance with relevant 
standards and codes of practice (Chapter 8). 
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CHAPTER 1 
INTRODUCTION 
 
 
1.1 Overview 
This project was formulated to prevent serious environmental and possible public health 
impacts caused by the failure of on-site sewage treatment systems, particularly septic 
tanks. Due to their low technology and low cost, septic tank systems are quite often the 
most appropriate option available for rural and regional areas. Septic tanks consist of 
three primary components, namely an anaerobic chamber, effluent trenches and the 
subsurface effluent dispersal area below the trenches. Failure of the subsurface dispersal 
area could occur due to reasons such as hydraulic overloading or weak soil physico-
chemical characteristics. This underlies the critical importance in undertaking reliable 
site suitability assessment for effluent dispersal. The focus of this research was the 
subsurface effluent dispersal area where important effluent treatment processes take 
place. The failure of the soil to provide the required effluent renovation, could lead to 
inadequately treated sewage effluent reaching water sources and resulting in adverse 
impacts on human health and/or the environment.  
 
1.2 Background to the Project 
This research project was initiated at the request of the Logan City Council and 
developed as a continuation of research for Logan City following recommendations 
made through a previous research project, Logan City Council – Audit of Septic Tank 
Performance for the Development of Management Strategies: Final Report, undertaken 
by Goonetilleke et al (2000). This previous research project evaluated the treatment 
performance of septic tanks within Logan City. The research outcomes obtained 
provided the Logan City Council with an insight into the level of compliance in the 
performance of on-site sewage treatment systems in their jurisdictional area. It provided 
valuable field data essential for the formulation of rational planning and management 
strategies for ensuring compliance with stipulated standards and practices. 
 
 1
 2
• 
• 
The reliance on on-site sewage treatment systems, in particular septic tanks, is not 
without its attendant problems. Adverse public health and environmental impacts are an 
ever-present danger inherent in the treatment processes involved. As the failure of these 
systems can be a common scenario, it is important that the stringent regulation of on-
site sewage treatment systems is enforced. This requires a multi faceted strategy that 
would encompass: 
• The development of performance based management strategies to ensure 
compliance with relevant standards and codes of practice. 
• The continuous improvement and/or development of relevant design criteria based 
on currently available ‘state of the art’ research outcomes. 
• The undertaking of practical research in areas where there is a discernible lack of 
research knowledge. 
 
However for these initiatives to be implemented, it needs to be underpinned by relevant 
field data. Consequently, among the key recommendations made through the previous 
study involved action to be undertaken regarding: 
Acquiring an in-depth understanding of the soil physico-chemical characteristics in 
the region which influence on-site sewage treatment. 
Ensuring that the land capability to treat sewage effluent is one of the primary 
factors taken into consideration in decision making relating to land development. 
 
The research discussed in this report will contribute to achieving these objectives. It is 
also hoped that the current study will explicitly contribute to strengthen management 
strategies governing on-site sewage treatment and particularly septic tanks. 
 
1.3 Project Area 
The research conducted was carried out within the political boundaries of the Logan 
City Council where about 50% of the area is not provided with centralised sewage 
collection systems. A recent study by the Council’s Water and Sewage Unit estimates 
that about 4% (2,825 properties out of a total of 68,936 properties) of homes discharge 
their effluent to on-site sewage treatment systems. Figure 1.1 shows the study region 
and the relevant areas reliant on on-site systems. The number of on-site treatment 
systems predicted to increase rapidly in the near future due to a combination of rapid  
Figure 1.1: On-site systems in the study area 
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city-wide development and associated population increase. The performance of existing 
systems has been investigated previously by Goonetilleke et al. (2000) and it was found 
that around 70% are not complying with current standards and guidelines.  
 
In accordance with the then existing LCC Planning Scheme, the region has three major 
zones to guide its future development:  
1. Park residential; these are for low-density housing and provided with reticulated 
water but not reticulated sewerage. Lot size development within this zone must be 
more than 2,000m2.  
2. Rural residential where the lot size can be up to 20 hectares. This zone is for low-
density housing and provided with reticulated water but not reticulated sewerage. 
3. Conservation areas; where the lot size is greater than 20 hectares. 
 
As these zones are not provided with reticulated sewerage, any residential development 
within these zones will be reliant on on-site systems for any future development that 
may occur. The investigated study areas were mainly concentrated within the southern 
and eastern suburbs with minor areas in the north-west. 
 
The study investigated the following suburbs located in the south (see Figure 1.2): 
• Waterford West (between School Road, Chambers Flat and Logan River); 
• Park Ridge (between Koplick Road, Rosia Road, Mt Lindsay Highway, Green 
Road, Bumstead Road and Chambers Flat); and 
• Greenbank (between Andrew Road, Moody Road, Hunter Road, Crest Road and 
the Mt Lindsay Highway).  
 
The eastern suburbs included:  
• Cornubia; and 
• Carbrook (between West Mt Cotton Road and the border with Redland Shire).  
 
The western suburbs included: 
• Hillcrest; and 
• Forestdale (between Middle Road, Johnson Road and Greenbank Military Camp). 
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The northern suburbs included: 
• Berrinba (between Wembley Road, Bardon Road and the Fifth Avenue area); 
• Priestdale; and  
• Daisy Hill. 
 
1.4  Project Aims and Objectives 
The major aims of the research study were: 
1. to obtain an in depth understanding for the soils in the Logan region. 
2. to evaluate the ability of different soil types for sewage effluent renovation based on 
soil physico-chemical factors; 
3. to examine the soil performance under effluent application.  
 
The objectives of the study were: 
1. to correlate the soil evaluation based on the physico-chemical analysis with actual 
soil performance; 
2. to examine the long term acceptance rate for the common soils in the study area; 
3. to integrate the obtained soil data and knowledge into a risk map for on-site sewage 
treatment for the Logan region.  
 
1.5 Scope  
The project focused on the performance of the subsurface effluent dispersal area used 
for the discharge of septic tank effluent. This is where a significant part of the effluent 
treatment activity occurs. The research undertaken was confined to areas which are not 
serviced by a centralised sewer system within the Logan region. Aerobic treatment 
systems and surface dispersal of effluent were not investigated. Additionally, the 
treatment performance within the septic tanks was also not investigated. 
 Figure 1.2: Map of the study area showing suburbs of Logan City 
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1.6 Methodology for the Study  
The objectives of the research project were achieved through the following steps: 
 
• Site selection and broad-scale field investigations stage 
The site selection for preliminary field investigations was based on: 
1. the available soil, topographic and flood boundary maps; 
2. identification of environmentally sensitive areas such as those located close to 
watercourses, and 
3. strategic planning, soil, vegetation and other relevant information available. 
 
A broad-scale field investigation based on a grid system and/or soil boundaries was 
used to obtain basic information about the soils and the different site characteristics. 
The field investigation included soil sampling and testing. Soil investigations were 
conducted on the surface and subsurface soil layers to a depth of approximately 1.5m. 
 
• Refined site selection and detailed investigations stage 
The results obtained from preliminary investigations were used to evaluate the selected 
sites. This helped to identify areas for more detailed soil sampling and field 
investigations. Environmentally sensitive areas and areas with poor soil conditions were 
especially considered for detailed investigations.  
 
• Data analysis and laboratory study 
The sites identified in the preliminary and detailed investigation stages were evaluated 
based on their physico-chemical parameters. The conclusions derived were validated 
with laboratory column experiments using undisturbed soil cores. 
 
• Land Capability assessment 
Land capability for effluent dispersal was derived based on the soils’ physico-chemical 
characteristics and the soils’ ability for treating and assimilating the discharged effluent. 
In addition, the 1 in 100year ARI flood boundary was combined with the soil renovation 
ability to provide the Land Capability assessment. 
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1.7 Scope and Outline of the Report 
The report contains the results of the comprehensive field investigations, laboratory 
studies and analytical studies undertaken to evaluate the ability of different soil types 
commonly identified within Logan City to renovate sewage effluent. Chapter 2 provides 
an overview of on-site sewage treatment including important concepts, the critical 
factors that influence treatment performance and the primary sewage effluent pollutants. 
The desktop studies undertaken, the process of site selection and the analytical 
procedures adopted for the study are discussed in Chapter 3. This includes the rationale 
and basis for undertaking the testing and analysis, as well as a discussion on the soil and 
effluent parameters evaluated. Additionally, details of field sampling undertaken and the 
respective testing program conducted on collected samples is discussed. Chapter 4 
discusses the theoretical soil evaluation based on the soil physico-chemical data. Based 
on the outcomes of the field investigations and the testing program undertaken, a 
number of important conclusions have been derived. 
 
The multivariate chemometrics analysis together with multicriteria decision making 
methods applied to validate the outcomes from the theoretical soil evaluation is 
discussed in Chapter 5. Chapter 6 provides a detailed discussion of the laboratory soil 
column experiments undertaken. This includes the key findings from the study in 
relation to actual performance and the changes that soils undergo due to effluent 
application. The calculation of the long term acceptance rate for the different soil types 
in the study area based on the data derived from the column study is presented in 
Chapter 7. Chapter 8 discusses the Soil treatment ability map and the Risk map for on-
site sewage treatment based on the outcomes of the various stages of the soil 
evaluations undertaken. Chapter 9 discusses the overall conclusions derived from the 
study.  
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CHAPTER 2 
OVERVIEW OF ON-SITE SEWAGE TREATMENT 
 
2.1 Overview 
The most common form of on-site sewage treatment system currently utilised in 
Australia is a septic tank-soil absorption system. The septic tank provides primary 
treatment of effluent, which discharges into a subsurface soil absorption system that 
relies on gravity to move the discharged effluent from the residence with minimal 
pretreatment before percolation to the soil. The soil provides additional effluent 
treatment, with natural mechanisms of filtration, adsorption and degradation of effluent 
pollutants occurring as effluent percolates through the soil medium. A typical septic 
system is shown in Figure 2.1.  
 
Septic tank
Distribution box 
Gravel or crushed 
rock fills 
Effluent dispersal 
Unexcavated area Area of clogging 
mat formation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1:  Typical septic system (adapted from AS/NZS 1547:2000) 
 
In a satisfactorily functioning system, effluent will remain in the septic tank for a 
specific period of time to allow removal of most settleable solids and floatable greasy 
material. Following this, effluent leaves the septic tank and is discharged to the 
subsurface soil dispersal area. At this point, the discharged effluent still contains a 
significant amount of pollutants, including nitrogen, phosphorus, pathogens and soluble 
organic matter. The final treatment of the effluent and subsequent removal of effluent 
pollutants is expected to be achieved in the subsurface soil medium. However, effluent 
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discharged into a soil with unsatisfactory physical or chemical characteristics can lead 
to serious public health impacts or environmental consequences as a result of poorly 
treated effluent percolating into groundwater, or failure of the dispersal area. Therefore, 
the soil must have a suitable permeability for effluent transmission, as well as physico-
chemical characteristics that enable it to handle effluent application and remove 
pollutants before the effluent reaches the surface and/or groundwater sources.  
 
2.2 Treatment System Performance 
An ideal on-site sewage treatment system is expected to function well if it is installed 
properly in an area with suitable soil. The soil is considered suitable if it has the 
capacity to percolate the incoming effluent as well as provide the necessary treatment to 
meet public health and ground and surface water standards. The subsurface dispersal 
area is the most critical component of the on-site sewage treatment system as it has to 
provide the final treatment of the discharged effluent. Figure 2.2 shows the major 
treatment components and effluent pathways associated with the subsurface dispersal 
process. 
 
Figure 2.2: Major components and pathways in subsurface dispersal of effluent 
 (adapted from Bouma et al. 1972) 
 
The subsurface dispersal area consists of the infiltrative surfaces and the subsurface soil 
medium. The effective infiltrative surfaces are the beds and sides of the excavations as 
shown in Figure 2.3. Gravel is placed in the excavation and around perforated pipes 
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which run the length of the excavation. This gravel acts as a support medium during 
construction of the dispersal area, and also provides excess storage for effluent during 
its operational life to offset increases due to wet periods or increased effluent flows until 
it can percolate through the soil. 
Perforated effluent 
distribution pipe 
Gravel fill Clogging mat 
Effluent infiltration 
surfaces soil  
Figure 2.3: Subsurface effluent dispersal trench 
 
Initially, effluent enters the soil body at the surface of the infiltrative zone. This zone is 
a few centimetres thick and is the most biologically active zone of the effluent dispersal 
trench. Most of the physical, chemical and biological treatment of the septic tank 
effluent occurs on or within the infiltration zone. Particulate materials (suspended solids 
from the primary treated effluent) accumulate on the infiltrative surface and within 
pores of the soil matrix, which provide a source of food for the active biomass. 
Biological treatment is the most common activity that occurs in the infiltration zone. 
The biological treatment helps to remove substantial amounts of the remaining organic 
material. Organic substances will accumulate within the infiltration zone in the soil 
pores leading to the formation of a clogging mat as a result of the biological activity and 
the settling of suspended solids.  
 
The development of the clogging mat will reduce soil permeability and porosity 
(Frankenberger et al., 1979; Joseph et al., 1969; McGauhey and Winneberger, 1963). 
This clogging mat could lead to system failure, especially during wet seasons. However, 
the clogging mat formation also provides several major advantages. The clogging mat 
acts as a medium for microbial growth and activity, which can enhance treatment ability 
via the screening and trapping of suspended solids in the effluent. Therefore, it is 
important to realise that hydraulic resistance is an advantage as long as the soil is under 
unsaturated conditions. Successful management of a subsurface effluent dispersal 
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system is limited by the characteristics of the site selected for effluent treatment. 
Therefore, subsurface effluent treatment system performance is difficult to predict since 
each site is unique.  
 
2.3 Hydraulic Performance 
The hydraulic performance of a subsurface effluent dispersal system is measured by its 
ability to assimilate all the effluent received. Continuous effluent application will lead 
to the formation of a clogging mat which will reduce the capacity of an infiltration 
system to accept and percolate effluent. The reduction in percolation rate reaches an 
almost steady state over time, referred to as the long-term acceptance rate (LTAR). 
 
The clogging layer will always form over the soil surface, however the time required to 
achieve steady state infiltration, or LTAR, can vary between soil types (Healy and Laak, 
1974). Excessive clogging at the infiltrative surface will lead to effluent ponding due to 
the reduction of the infiltration rate below the actual application rate, leading to 
hydraulic failure (Bouma et al., 1974; Kristiansen, 1982; Otis, 1984; Siegrist et al., 
1984).  
 
2.4 Soil as a Treatment Medium 
Significant emphasis is placed on the soil to serve as a repository for disposed effluent 
from on-site sewage treatment systems. Since the performance of a soil depends on its 
characteristics, developing a greater understanding of soils and their behaviour under 
effluent application was a major aim of the research undertaken. The composition of 
soil controls effluent transmission through the different layers. Soil with clayey particles 
will slow effluent percolation, while soils with a high percolation rate are expected to 
have a coarse texture with less clay content (Bell, 1993). The soil texture is described as 
the relative proportions of sand, silt, and clay particles in a soil.  
 
2.4.1 Mineralogy of the Clay Fraction 
Clay minerals play a key role in determining the transport of effluent pollutants through 
the soils (Khalil et al., 2003; Tan, 1992; Waddell and Weil, 1996). Clay minerals offer a 
number of advantages. They have a large specific surface area in comparison to other 
solid phase components and this large surface area is often associated with electrical 
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charges (Fripiat, 1965; Johnston, 1996). This results in the accumulation of inorganic 
and organic cations and is responsible for the high water retention capacity of many 
types of clay (Barriuso et al., 1994; Farrell and Reinhard, 1994). Also, clay mineral 
particles can be coated by amorphous oxide hydroxides and humic materials and thus 
serve as efficient templates for secondary solid phases (Johnston, 1996). Due to these 
advantages, the clay minerals are considered very important in the chemical and 
physical reactions involved in effluent renovation (Brady and Weil, 2002; Fripiat, 1965; 
McBride et al., 1977). The adsorption of effluent pollutants by clay particles depends 
not only on their large specific surface area but also on the nature of the clay minerals 
present in the soil. In addition, the pH level controls the type of charges available for 
adsorption mechanisms and also desorption.  
 
The major clay minerals found in most soils are kaolinite, illite and smectite. Kaolinite 
is considered the least active clay (Bish and Guthrie, 1994; Johnston, 1996; Suraj et al., 
1998). Kaolinite has a low CEC level and as such, soils with dominant kaolinite content 
will have a low effluent renovation capacity due to limited charges available for cation 
exchange. Illite clay minerals retain higher surface charges than Kaolinite, and therefore 
are expected to attract relatively more pollutants from discharged effluent (McNabb, 
1979). Smectite clays are able to provide an even higher renovation of applied effluent 
than kaolinite and illite, due to the significantly higher level of surface charges available 
for the cation exchange process. 
 
2.4.2 Soil Profiles 
Typical soils have a profile consisting of several horizons which can be further divided 
into sub-horizons. Bridges (1978) has provided the following definitions:  
1. A-horizon (surface soil) is the zone of most biological activity. The A-horizon can 
be subdivided into two sections: A1-horizon with a thickness of 50 to 300mm, which 
is generally dark as a result of the high organic matter content; and a paler A2-
horizon of thickness 50 to 500mm or more. 
2. B-horizon (subsoil layer) may vary in depth from 100mm to in excess of 2m. It is 
characterised by lower biological activity and organic matter and higher content of 
clay minerals, iron and aluminium oxyhydroxides. The B-horizon can be divided 
into two sections based on the soil colour and structure: B1-horizon; and B2-horizon 
when there is change in colour or structure.  
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3. C-horizon includes the weathered, consolidated or unconsolidated layers of parent 
material below the B-horizon. 
 
2.4.3 Soil Classification 
Soil classification is a basic requirement for organising the knowledge of different soil 
types and their properties. Several researchers have developed soil classification 
systems for Australia. The classification of soil adopted for this research was based on 
the Australian Soil Classification developed by Isbell (1996) and Jacquier et al. (2000) 
which considers 14 groups of soil as listed in Table 2.1.  
 
2.5 Primary Effluent Pollutants 
Effluent from a septic tank can carry pollutants such as solids, organic matter, nutrients 
(nitrogen and phosphorus) and pathogenic micro-organisms. A successful on-site 
sewage treatment system should have the ability to remove the pollutants before the 
effluent reaches a surface or groundwater body. The septic tank unit will remove some 
of the pollutants by treating effluent to a primary effluent quality, whilst in the 
subsurface area, the soil acts as a further treatment system for the discharged effluent. 
The level of treatment provided is controlled by several factors, including effluent load, 
soil bacteria, nutrients, soil physico-chemical characteristics, watertable level and land 
topography. Each pollutant requires a set of specific removal mechanisms.  
 
2.5.1 Solids (Suspended Solids and Dissolved Solids) 
Effluent discharged to the subsurface dispersal area carries two forms of solids; 
suspended solids and dissolved solids. Suspended solids are mostly filtered out at the 
infiltrative surface within the first few centimetres of the soil surface due to their large 
size when compared to the soil’s pore size. Dissolved solids are consumed by the micro-
organisms as a source of food (energy) as the effluent percolates through the soil 
profile. Therefore, most of the discharged solids are removed within the infiltrative 
surface area or consumed by bacteria prior to reaching the surface/groundwater body. 
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Table 2.1: Australian Soil Classification (Isbell, 1996; Jacquier et al., 2000) 
Soil Order Suborder Properties 
Anthroposols 
 
 
Cumulic, Hortic, Garbic, 
Urbic, Dredgic, Scalpic and 
Spolic Anthroposol 
Resulting from human activity. 
 
Calcarosols Hypocalcic, Supracalcic, 
Hypercalcic, Lithocalcic, 
Hypergypsic, Shelly and 
Calcic Calcarosol 
High calcium carbonate content, 
shallow depth, and low water 
retention, high salinity, sodicity and 
alkalinity. 
Chromosols 
 
Red, Brown, Yellow, Black 
and Grey Chromosol 
Clay content increases down the soil 
profile. 
Dermosols 
 
Red, Brown, Yellow, Grey 
and Black Dermosol  
 
Strongly acidic in high rainfall areas 
or highly alkaline if it contains 
calcium carbonate.  
Ferrosols Red, Brown, Yellow, Grey 
and Black Ferrosol  
 
A high free iron and clay content, 
which can lack strong textural 
contrast between A and B-horizons.  
Hydrosols Supratidal, Extratidal, 
Hypersalic, Salic, Redoxic 
and Oxyaquic Hydrosol 
Include seasonally or permanently 
wet soils and the potential drainage 
of acid sulphate.  
Kandosols  
 
Red, Brown, Grey and Black 
and Yellow Kandosol. 
Mostly well drained, permeable 
soils. 
Kurosols Red, Yellow, Brown, Black 
and Grey Kurosol 
Strongly acid soils with an abrupt 
increase in clay.  
Organosols 
 
Fibric, Hemic and Sapric 
Organosol  
Organic materials control this group 
by almost 75% of the volume.  
Podosols 
 
Aeric, Semiaquic and Aquic 
Podosol  
Controlled by organic matter and 
aluminium, with or without iron.  
Rudosols 
 
Hypergypsic, hypersalic, 
Shelly, Carbic, Arenic, 
Stratic, Leptic, Clastic  
Have minimal soil development due 
to their properties or occurrence in 
arid region. 
Sodosols  
 
Red, Brown, Yellow, Grey 
and Black  
Has high sodium content, which may 
lead to soil dispersion and 
instability.  
Tenosols  
 
Chernic, Bleached-Orthic, 
Orthic, Chernic-Leptic, 
Leptic and Bleached-Leptic  
Poor water retention, almost 
universal low fertility.  
Vertosols Aquic, Red, Brown, Yellow, 
Grey and Black Vertosol 
High smectite clay content causing 
the soil to shrink and crack as the 
soil dries, and swell when wet. 
 
 
2.5. 2 Nutrients (Nitrogen and Phosphorus)  
A. Nitrogen Transformation and Removal Mechanisms 
MSWF (1978) noted that almost 30% of the nitrogen load in raw domestic effluent is 
removed within the detention time spent in the septic tank. The nitrogen is either 
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retained in the solid sludge, or transformed to a form of nitrate, which is then converted 
to nitrogen gas by denitrification under the anaerobic environment of the septic tank and 
subsequently vented to the air. The nitrogen carried by the discharged effluent could be 
transformed by various pathways including: 
• nitrogen transformation by the nitrification and denitrification processes.  
• nitrogen removal by the adsorption process.  
 
Figure 2.4 shows schematically the typical nitrogen transformation cycle within an on-
site sewage treatment system.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
NO3-
NH4+
NH3
NH4
N
NH4+
NO2-
Figure 2.4: Nitrogen transformations in an on-site sewage treatment system 
 
B. Phosphorus Removal 
Rezek and Cooper (1980) and the US EPA (1984) reported that septic tanks remove 
approximately 4 to 8% of the phosphorus in the raw sewage through the primary 
sedimentation process. MSWF (1978) noted that around 80 to 85% of the phosphorus 
suspended in the effluent passing from the tank is primarily in the form of 
orthophosphate and the other 15 to 20% of phosphorus is in a form of organic matter. 
Many studies (such as Reneau et al., 1989; Robertson et al., 1991; Weiskel and Howes, 
1992; Wilhelm et al., 1994) have reported that a high degree of orthophosphate sorption 
occurs within the first few centimetres from the effluent dispersal area due to the high 
organic content in this layer. The phosphate ion is chemisorbed on the surfaces of iron 
or aluminium minerals in strongly acid to neutral systems and on calcium minerals in 
neutral to alkaline systems. This means that soil mineralogy is an important factor in 
phosphorus removal.  
+ Saturated Layer
(Anaerobic Medium)
Unsaturated 
Layer
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C. Pathogen Micro-organisms 
Septic tanks are found to appreciably reduce the number of micro-organisms present in 
raw sewage due to die-off as a result of the relatively high temperature within the 
system (US EPA, 1980). The failure of sewage treatment systems can result in the 
introduction of micro-organisms into the groundwater.  
 
2.7 Conclusions 
The proper functioning of an on-site sewage treatment system is dependent on the 
availability of suitable subsurface soil conditions. The discharging of effluent into a soil 
with poor physical or chemical characteristics can lead to serious public health or 
environmental consequences as a result of the contamination of surface or ground water 
resources. The soil is expected to remove a significant fraction of the effluent pollutants 
as well as to percolate the effluent through the subsoil. Each pollutant requires a set of 
specific removal mechanisms. Consequently, soil mineralogy is an important issue to be 
understood in order to evaluate the ability of different soil types to renovate the 
discharged effluent before reaching surface or ground water. The soil horizons and the 
soil profile are important factors in defining the subsurface area where the effluent 
treatment processes take place.  
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CHAPTER 3 
SOIL SAMPLING AND ANALYTICAL PROCEDURES 
 
3.1 Introduction 
Soil is a complex natural medium and intensive soil physico-chemical testing is 
required to understand the behaviour of each soil type. Therefore, appropriate site 
selection prior to conducting the field sampling and analysis was required. This ensured 
that suitable locations for the study area were selected, providing information that was 
representative of the entire study area. The process of selecting appropriate sites for soil 
sampling is detailed in the following sections. 
 
Investigating the ability of soils to renovate effluent required detailed scientific 
investigation and analysis. Soil physico-chemical characteristics will affect the level of 
effluent treatment provided, and therefore site suitability for effluent treatment was 
investigated through these characteristics. In addition, the original soil physico-chemical 
characteristics were expected to change during effluent application and subsequent 
treatment. Therefore, evaluating the soil physico-chemical characteristics both before 
and after effluent application was necessary to define the ability of each soil to treat 
effluent. It was also crucial to evaluate the changes in effluent contaminants prior to 
application and after passing through the soil medium. This provided a good indication 
of the level of treatment achieved by the soil and its ability to attenuate and remove 
effluent pollutants. The following sections describe the soil and effluent parameters 
measured during the study and the justification for their inclusion in the assessment of 
soil and effluent properties. 
 
Due to the complexity and the large number of data generated through soil sampling 
and investigation, robust methods were required to assist in data interpretation and to 
understand the performance of different soils under effluent application. This chapter 
also discusses the multivariate analytical techniques that were utilised to evaluate and 
interpret the generated physico-chemical data from soil and the effluent analysis.  
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3.2  Site Selection Process 
Appropriate site selection prior to conducting field sampling was an important issue. 
The process of site selection entailed specific criteria to be developed which would 
consider the different issues related to the research area, such as environmental 
sensitivity and lot sizes based on current planning schemes. Additionally, soil sampling 
requires measures to ensure that the samples collected are representative of the 
particular soil group and region. Therefore, a sampling protocol was established for soil 
sampling within the study areas. In addition, an in-depth scientific understanding of the 
soils within the Logan local government area, based on their physico-chemical 
characteristics was one of the primary research goals. Hence it was important that the 
generated data were representative of the topographical and geological characteristics of 
the region and encompassed the planning criteria and environmental sensitivity. The 
steps undertaken in site selection are discussed below. 
 
3.2.1 Desktop Study  
The site selection process consisted of two phases: a desktop study and field 
investigation. The desktop study involved the collection of all relevant information 
pertaining to the research area and its evaluation in terms of research needs. The 
information collected included: planning scheme information, topography, soils, 
waterways, vegetation, sewered areas, residential development density, on-site system 
location and road layout.  
 
Initially, the sewered and unsewered areas were identified from the information 
obtained in order to define the specific area of investigation within the overall study 
area. The waterways and vegetation maps were used to locate environmentally sensitive 
areas. Soil and topographic maps were used to assist in pre-locating relevant soil 
boundaries, ground slopes and topographical features. The information generated from 
the desktop study was used to develop a set of criteria as outlined in Table 3.1 to create 
a sensitivity map as shown in Figure 3.1, of the unsewered areas within the Logan City 
local government area. This was based on the most current Logan City Council 
planning scheme available for the region and can be classified as a ‘planning scheme 
sensitivity map’. Soil and topographical information did not initially play a significant 
role in developing these criteria.  
 Figure 3.1: Planning scheme sensitivity zones for Logan City Council region 
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 Table 3.1: Sensitivity criteria for planning scheme sensitivity map 
Sensitivity Criteria Justification 
High Park residential area 
developed for low-density 
housing and provided with 
reticulated water but not 
reticulated sewerage. 
• The lot size for a development in the 
residential low-density area must be 
more 2,000 m2. 
• Environmentally sensitive areas 
close to watercourses. 
Medium Rural residential area 
developed for low-density 
housing and provided with 
reticulated water but not 
reticulated sewerage 
• Lot size up to 20 ha 
Low Conservation area • Lot size greater than 20 ha. Though 
these areas have high conservation 
values, they are not classified as 
high risk due to the restrictions on 
land subdivision size. 
Sewered High density housing and 
provided with reticulated 
water and sewerage  
• No work required within this area. 
NA  • Military camp – restricted area. 
 
The park residential areas were classified as high sensitivity areas due to possible future 
developments that may occur within these areas and the relatively small lot sizes 
(≥2000m2). Most of these areas are already subdivided and developed, but some areas 
remain undeveloped. The Berrinba area, located in the rural residential zone (Fig 1.2), 
has significant environmental values, and was therefore classified as a high sensitivity 
area for residential and commercial development. The medium sensitivity areas mostly 
consisted of rural residential areas, some with conservation value. However, there were 
some pockets within these areas that required special attention due to environmental 
sensitivity. Identified low sensitivity areas were intended to stay rural residential zones.  
 
3.2.2 Field Investigations 
Two checklists, provided in Appendix C, were developed for the field sampling stages, 
and were used to ensure consistency in the sampling technique. These checklists were 
used additionally to obtain preliminary information relating to sampling sites. Checklist 
A was used to record the site description needed for the subsequent sampling data 
analysis. The information collected included topography, location on the landscape 
catena (White, 1997), vegetation, current land use, and soil type. Checklist B was used 
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to maintain a record of the sampled sites to help in the subsequent soil physico-chemical 
evaluation. The expected soil type was classified based on available soil classification 
maps (Beckman , 1987). The actual soil type was classified according to the Australian 
Soil Classification (Isbell 2002, Jacquier et al., 2000). This was conducted in the field 
after suitable soil profile descriptions were obtained, as included in the checklist. These 
classifications were subsequently confirmed after the physico-chemcial analysis was 
completed. 
 
Soil sampling was conducted over two phases, a preliminary phase, followed by a more 
detailed sampling phase. For the preliminary phase (or the broad scale soil sampling), 
site selection was based on the planning scheme sensitivity map (Figure 3.1) and 
established sensitivity criteria (Table 3.1). Preliminary site selection primarily focused 
on the high sensitivity areas using a grid sampling system at intervals of approximately 
1km. Sites in the medium and low sensitivity areas were selected based on a change of 
soil type or a separation distance of about 1.5km and 2.5km respectively. The twenty 
nine sites selected for sampling are provided in Table 3.2 and their locations shown in 
Figure 3.2. A total of ninety-three soil samples were collected representing the different 
soil horizons at the selected sites. 
The second sampling phase (based on the detailed site selection) was a refinement of the 
preliminary site selection. In the detailed site selection phase, information derived from 
the preliminary sampling phase was further clarified with the addition of more sampling 
sites investigated. The additional nineteen sites selected are provided in Table 3.3 with 
their locations shown in Figure 3.2. 
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Table 3.2: Site locations for the preliminary investigation stage 
GPS Coordinates  Site No. Location 
North  East 
1 Park Ridge 509180 6935053 
2 Park Ridge 507708 6935298 
3 Park Ridge 505806 6935893 
4 Park Ridge 504658 6936078 
5 Park Ridge 504124 6936179 
6 Park Ridge 500283 6936106 
7 Park Ridge 500787 6935532 
8 Park Ridge 499000 6933718 
9 Park Ridge 500214 6933512 
10 Park Ridge 501747 6933426 
11 Park Ridge 503637 6934248 
12 Park Ridge 505306 6933995 
13 Berrinba 506618 6933926 
14 Park Ridge 508273 6933702 
15 Logan Reserve 511498 6 934860 
16 Logan Reserve 510623 6 934775 
17 Logan Reserve 511135 6 935500 
18 Park Ridge 491342 3762160 
19 Park Ridge 508108 6936284 
20 Park Ridge 507061 6936781 
21 Regents Park 503962 6937373 
22 Forestdale 502869 6960578 
23 Forestdale 499571 6939969 
24 Forestdale 500373 6939863 
25 Berrinba 500742 6940680 
26 Berrinba 508008 6941032 
27 Berrinba 508271 6940478 
28 Cornubia 522060 6940843 
29 Mount Cotton 520566 6942916 
 
 
Figure 3.3 – Location of the preliminary and detailed investigation sites 
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Figure 3.2: Location of the preliminary and detailed investigation sites 
Table 3.3: Location of the selected sites in the detailed stage 
GPS CoordinatesSite No. Location 
North East 
30 Browns Plains 507285 6941007 
31 Berrinba 507527 6941042 
32 Hillcrest 491342 3762160 
33 Forestdale 500324 6940768 
34 Daisy Hill 515142 6944893 
35 Daisy Hill 514570 6944043 
36 Daisy Hill 515563 6944306 
37 Carbrook 521152 6939935 
38 Carbrook 522109 6939856 
39 Cornubia 521774 6940769 
40 Mount Cotton 520831 6941697 
41 Cornubia 520892 6941534 
42 Cornubia 520359 6940793 
43 Park Ridge 520137 6940909 
44 Logan Reserve 509431 6935451 
45 Carbrook 509427 6935451 
46 Carbrook 524221 6938348 
47 Carbrook 526058 6937421 
48 Redland Bay 527672 6937361 
 
3.3 Soil Sampling  
Based on a protocol to obtain representative samples from the sites, soil sampling was 
conducted in a consistent manner to ensure accuracy of the analysis undertaken.  
 
3.3.1 Sampling Procedure 
Using a 100mm diameter hand auger, the following procedures were adopted: 
1. The samples were collected at least 10m away from the side of the road for easy 
access and to ensure that the soil was not disturbed.  
2. The sites needed to be at least 200m away from any waterways to ensure that the 
soil was not disturbed by water movement.  
3. The depth of sampling was at least 800mm and up to 1400mm at each site. 
4. The samples were labelled with a unique identifier, which included the site number, 
the street address, the horizon and the date of sampling. 
5. The change of soil horizon was recorded in a soil profile sheet. 
6. Subsurface profiles for each site were mapped at a suitable road cutting.  
The soil profile was used to determine the actual soil type by comparing it to the 
Australian Soil Classification (Isbell 2002, Jacquier et al., 2000). 
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The field sampling procedures undertaken are illustrated in Figure 3.3. Figure 3.4 shows 
a typical soil profile cut.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3: Example of soil sampling 
 
 
Figure 3.4: Example of a soil profile used to match with the  
Australian Soil Classification 
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3.3.2  Sample Preparation and Handling 
In general, the preparation of all soil samples was undertaken as follows before any 
physico-chemical analysis was conducted: 
• Oven dried at 50oC to maintain the same moisture level for all samples. 
• Gravel was removed using a 2.36mm sieve, and the remaining material was ground 
to less than 2.36mm. 
• The samples were kept at room temperature. 
 
3.4 Soil and Effluent Analysis Undertaken 
3.4.1 pH 
pH is one of the most important characteristics of the soil and effluent chemical 
environment, and is regarded as a good indicator of effluent treatment and movement 
through the soil matrix. Typically, an increase in soil pH is generally observed where 
effluent has been applied to the soil, thereby allowing a good indication of the depth of 
effluent infiltration through the soil matrix. Significant changes in soil pH, particularly 
becoming more alkaline, can be a cause for concern as this can indicate potential 
problems with both treatment and dispersal of effluent through the soil. 
 
3.4.2  Electrical Conductivity (EC) 
Electrical conductivity is a measure of the concentration of soluble salts present in soil. 
Generally, salts are dissolved in the soil water and are free to move through the soil 
profile or are absorbed through plant roots. The EC is an important characteristic in 
relation to soil chemistry, as it provides a good indication of the salinity hazard in 
conjunction with the hydrology of the area concerned. Soil EC generally increases with 
effluent application, due to the higher EC of applied effluent. Being in soluble form, the 
soluble salts can freely move with the soil water, and applied effluent, though the soil 
profile. Therefore, measuring soil EC provides a good indication of the salt content 
through the soil profile, and can therefore be used as a tracer of effluent movement 
through the soil matrix.  
 
3.4.3  Chloride Ions (Cl-) 
The chloride ion (Cl-) is generally the most commonly soluble anion in soils (Rayment 
and Higginson, 1992). Therefore, its movement through the soil and accumulation 
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through the soil profile can assist in understanding the degree of soil infiltration. Higher 
chloride concentrations in the soil medium can indicate lower soil permeability (Khalil 
et al., 2003), limitations on soil structure (identification of limiting sublayers preventing 
infiltration such as clay bands), and an overall representation of effluent movement 
through the soil and its effectiveness for effluent renovation.  
 
3.4.4  Organic Matter Content (OM) 
Organic matter content (OM) is directly derived from plants and animals, and supports 
most of the important microfauna and microflora in the soil. Its breakdown interacts 
with other soil constituents and is responsible for much of the physical and chemical 
reactions in a soil (Hong and Elimelech, 1997). The application of sewage effluent 
generally increases the level of OM in the different soil horizons. Changes in OM 
content can significantly affect the soil’s capacity to remove effluent pollutants from the 
soil, especially nitrogen.  Additionally, the contribution of OM to the actual soil cation 
exchange capacity (CEC) is also important. Due to the direct relationship between CEC 
and OM, changes in OM can reflect on the corresponding level of CEC. Therefore, 
increasing OM is more beneficial in relation to soil renovation ability.  
 
3.4.5  Total Nitrogen (TN) 
The level of nitrogen available for plant consumption is dependent on the 
microbiological activity (Brady and Weil, 2002). Usually, nitrogen in organic form is 
not available for plants, and therefore, nitrification of the organic nitrogen is necessary 
to aid in the uptake by vegetation. However, the reduction of organic nitrogen to nitrate 
and nitrite can cause significant environmental problems. Nitrate is the most mobile 
form of nitrogen, and as such, unless sufficient anoxic conditions are available for 
denitrification, the nitrate is free to move with the soil water. Therefore, soils that 
provide sufficient denitrification capabilities are more suitable for effluent renovation.  
The release of nitrogen from the organic matter is strongly correlated with temperature, 
pH, moisture content and nitrogen concentration (Ferris et al., 1998). Effluent 
application usually entails large amounts of organic nitrogen and hence will disturb the 
nitrogen balance. As such, soils with high levels of organic nitrogen may not be suitable 
for effluent renovation. 
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3.4.6  Reactive Phosphorus (PO43-)  
Phosphorus is an important constituent for plant growth. Effluent application to the soil 
will increase the phosphorus content in the soil which can cause environmental 
problems if it is leached to a water body. This situation may occur due to the soil’s 
failure to precipitate or adsorb phosphorus. Consequently, soils that retain high levels of 
phosphorus may cause increased leaching to groundwater. Therefore, phosphorus was 
an important parameter in the evaluation of soil capacity to treat effluent.  
 
3.4.7  Cation Exchange Capacity (CEC) 
CEC of fine-grained materials is a measure of the amount of cations that can be 
exchanged, which is directly related to the level of charges available, mostly on the clay 
particles and organic matter. The majority of soil nutrients are held on these electrically 
charged surfaces. Determining the CEC assisted in understanding the soil’s interactions 
with the nutrients present in effluent. Soils with higher CEC levels are generally 
preferred for effluent renovation due to the increased ability to attenuate and remove 
pollutants. 
 
3.4.8 Individual Exchangeable Cations (Mg2+, Al3+, K+, Fe3+, Ca2+, Na+) 
Effluent application will disturb the cation balance in the soil which is held in clays. 
Some cations will leach down the soil profile to be replaced with others (eg Na+ 
replaced by Ca2+ and Ca2+ by Al3+) from the effluent pool. Knowledge of the 
exchangeable cations assisted in understanding the changes occurring in the soil 
properties such as the level of sodicity and soil fertility. 
 
3.4.9  X-ray diffraction (XRD)  
XRD analysis was employed to define the mineralogy of the collected soil samples. In 
particular, XRD was utilised to identify the type and amount of the dominant clay 
mineralogy within the soil. This assisted in understanding the level of CEC available 
and the expected behaviour under effluent application.  
 
3.4.10 Total Chemical Oxygen Demand (TCOD) 
TCOD was used as a measure of the organic matter content in the effluent. TCOD 
provides an indication of the oxygen demand required by soil organic matter to undergo 
oxidation by chemical oxidents. This parameter was important in order to examine the 
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level of organic matter deposition in the effluent as it percolated through the soil matrix. 
Decreasing levels of TCOD in the effluent samples indicate the attenuation of TCOD by 
the soil, providing higher renovation ability. 
 
3.4.11 Exchangeable Sodium Percentage (ESP)  
ESP is a measure of the proportion of sodium ions present in the soil and is used for 
assessing the likely physical behaviour of soil horizons under irrigation. ESP is used to 
define the sodicity of the soil. The detrimental effects of sodicity are exhibited through 
swelling and dispersion. Dispersion is thought to be the dominant process occurring at 
low ESP, whereas swelling is thought to dominate at high ESP values.  
CEC
NaeExchangablESP
+×= 100  
With increased ESP comes the risk of deterioration of the physical properties of the soil 
(Balks et al 1998). At high ESP (>6), soils tend to lose aggregation and to undergo clay 
dispersion, impermeability, surface crusting and poor aeration (Baker and Eldershaw 
1993). The threshold value of ESP at which the adverse impacts of exchangeable Na+ 
becomes significant depends on the clay mineralogy and the amount of organic matter 
present in the soil. In soils with a high clay fraction, the threshold ESP value at which 
clay particles becomes dispersive is lowered (Baker and Eldershaw 1993). A number of 
researchers such as Bridge and Probert (1993) and Northcote and Skene (1972), have 
suggested a threshold ESP limit of 6 for clay soils, above which physical problems 
would occur.  
  
3.4.12 Ca:Mg Ratio 
The Ca:Mg ratio in a soil can be employed to indicate cation distribution, particularly in 
the case when the subsoil is dominated by Mg2+. An excess of one cation may inhibit 
the uptake of another. The relationship between Ca2+ and Mg2+ can be related to soil 
physical behaviour (Baker & Eldershaw 1993). Emerson (1977) found that ratios less 
than 0.5 are associated with soil dispersion. Ca2+ ions tend to aid in flocculation of soils 
while Na+ ions and possibly Mg2+ ions disperse soils. Mg2+ associated with Na+ is 
commonly thought to aid soil dispersibility (Emerson and Bakker 1973).  Curtin et al. 
(1994) in a study to evaluate the effects of Mg2+ on the cation exchange relationships 
and structural stability of Canadian soils found that exchangeable Ca:Mg ratio can have 
an effect on dispersion even in the absence of Na+. They determined that Mg2+ rich soils 
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were more susceptible to surface sealing caused by aggregate disintegration and clay 
dispersion than a Ca2+ rich soil. This is supported by Shaw et al. (1987) who postulated 
that low Ca:Mg ratios in conjunction with high ESP indicate enhanced dispersion. 
 
3.5 Analytical Methods Used 
Table 3.4 gives the analytical methods used for testing of effluent and soil samples. 
 
Table 3.4: Testing methods used for the effluent and soil characterisation 
Parameter Test method 
pH • Method (4A1 pH of 1:5 soil/water suspensions) as described by 
Rayment and Higginson (1992). Measurements based on 1:5 
soil/water ratio at 25°C.  
Cation 
exchange 
capacity 
(CEC) 
• Ammonium selective electrode method of Borden and Giese 
(2001). 
• Ammonia standards were made according to method 4500-NH3 
E as defined by APHA (1995). 
Organic 
matter content 
(OM) 
• Determined by Walkey-Black method, initially oxidising soil 
with hydrogen peroxide and then subjected to 1300°C 
temperature. 
• Weight loss taken as the organic matter content. 
Total 
Nitrogen (TN) 
• Measured using the wet oxidation method (Kieldahl, 1983). 
• Digestion method for converting organic nitrogen adopted from 
the HACH manual (1989), and the analytical method from 
APHA (1995).  
• Ammonia selective electrode method of Borden and Giese 
(2001) used to measure the ammonia level in the digested 
solution.  
Reactive 
Phosphorus as 
PO43-
• Measured using method 4500-P described in APHA (1995). 
• Soluble phosphorus sample obtained by filtering the soil/water 
1:5 extract at room temperature for measurement using a data 
logging Spectrophotometer. 
Electrical 
conductivity 
(EC) 
• Testing conducted according to the method 3A1. EC of 1:5 
soil/water extracts by Rayment and Higginson (1992). 
 
Chloride ions 
concentration 
(Cl-) 
• 1:5 soil/water extract mixed with silver nitrate and ferric cyanide 
used.  
• Chloride ion concentration was determined according to the 
method 5A1 chloride 1:5 soil/water extracts, potentiometric 
titration by Rayment and Higginson (1992). 
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Table 3.4 (cont): Testing methods used for the effluent and soil characterisation 
Parameter Test method 
Exchangeable 
Cations (Mg, 
Al, K, Fe, Ca 
and Na) 
• Measured using a Varian AA6 Flame Atomic Absorption 
Spectrophotometer.  
• Acetylene flame used to measure iron (Fe), propane to measure 
sodium (Na) and potassium (K), nitrous oxide gas to measure 
calcium (Ca), magnesium (Mg) and aluminium (Al).  
Exchangeable 
Sodium 
Percentage  
ESP (%) 
• 
CEC
NaeExchangablESP
+
=(%)  
X-ray 
diffraction 
(XRD) 
• Sample preparation techniques for clays and soils have been 
described by Bish (1992) and Moore and Reynolds (1989). 
• The computer software SIROQUANT 2.5 was used for phase 
identification and quantification. 
Total 
Chemical 
Oxygen 
Demand 
(TCOD) 
The HACH closed reflex colorimetric method was used which was 
similar to that described in APHA (1995) (Method 5220 D Closed 
Reflux, Colorimetric Method). 
 
3.5 Chemometrics and Multicriteria Decision Making 
3.5.1 Chemometrics Methods 
‘Chemometrics’ is a term used to describe the application of multivariate analysis of 
chemical information with a focus on maximising the extraction of information from the 
data with the aid of mathematical, computational and logic methods (Massart et al, 
1988). The collected experimental data was submitted for analysis by chemometric 
techniques typically associated with pattern recognition, classification or predication. 
This allows an assessment of multiple variables to be undertaken, identifying the 
respective correlations and groupings between assessed variables to be achieved. This is 
essential due to the large number of physico-chemical characteristics commonly found 
in soil, and the numerous physical, chemical and biological interactions that occur 
between soil particles and percolating effluent. Common chemometric techniques 
utilised to achieve pattern recognition, classification and prediction of large data sets 
include Principal Component Analysis (PCA), Discriminant Analysis, and Partial Least 
Squares (PLS). 
 
On the other hand, multicriteria decision making (MCDM) methods are principally 
concerned with selection, optimisation and decision-making processes. Combining 
chemometrics and MCDM methods to maximise information from a set of data has 
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been a challenging, useful and expanding approach in analytical chemistry and other 
disciplines (Massart et al, 1988). The MCDM methods utilised for assessment of soil 
and effluent data in this study were PROMETHEE and GAIA. 
 
3.5.2 Use of Multicriteria Decision Making Methods for Ranking Sites 
A conventional analysis of soil ability for sewage effluent renovation based primarily 
on the CEC in the B-horizons is discussed in Section 4.4. This type of analysis can be 
subjective as it relies very much on the researcher’s judgment. It is difficult to include 
all the necessary physico-chemical parameters in the evaluation. Soil analysis is 
complex, and generally, there is a large amount of physico-chemical data generated, 
which makes it difficult to manipulate or analyse.   
 
This problem was overcome by the use of multivariate chemometrics approaches, 
whereby large volumes of data can be processed for exploring and understanding 
relationships between different parameters (Bracewell and Robertson, 1984). 
Multivariate ranking analysis was used to evaluate the investigated sampling sites with 
the aid of MCDM methods, PROMETHEE and GAIA.  
 
3.5.3 PROMETHEE and GAIA 
PROMETHEE is a non-parametric method, which ranks a number of objects (in this 
case soil samples) on the basis of a range of variables or criteria and suitable preference 
functions. PROMETHEE establishes preference flows (Φ) for each variable and 
respective criteria and ranks are based on the established preference flows.  
GAIA is essentially a form of a principal component analysis (PCA) biplot (PC1 vs. 
PC2 plot) obtained from a matrix that has been formed from a decomposition of the 
PROMETHEE net outranking flows as described in detail by Keller et al. (1991). It is a 
visualisation method, which complements the PROMETHEE ranking providing 
guidance regarding the principal criteria, which contribute to the rank order of the 
objects. Also, GAIA is crucial for experimenting with different criteria weightings. The 
PROMETHEE and GAIA methods were utilised to assist in understanding the soil data 
matrix produced for the research area. These two methods facilitate decision making 
when dealing with a large amount of data, such as that generated in this study. 
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3.6 Conclusions 
An in-depth understanding of the soil physico-chemical characteristics and their 
interactions was an essential issue in this research project. The study was based on 
investigating the treatment performance of different soil types in the research area. The 
investigated soils were evaluated based on their physico-chemical characteristics which 
entailed extensive testing of soil samples. Consequently, the amount of data generated 
was very large. It is easy to evaluate one soil sample or one complete site but it is very 
complex to compare all the sites together. This problem was overcome by the use of 
multivariate chemometrics approaches whereby large volumes of data can be processed 
for exploring and understanding the relationships between different parameters. In 
addition, MCDM methods were used to evaluate the selected sampling sites. The 
applications used for this study were PROMETHEE and GAIA.  
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CHAPTER 4 
SOIL CHARACTERISATION AND EVALUATION 
 
4.1 Overview 
To evaluate the ability of soil for providing adequate effluent renovation for the major 
soil groups found in the study area, classification of the investigated soils was 
necessary.  All investigated soils were classified according to the Australian Soil 
Classification (Isbell 2002, Jacquier et al. 2000). The assessment of the respective soil 
groups and their ability to provide appropriate renovation was conducted on a broad 
scale based on several key soil physico-chemical characteristics. This analysis was 
undertaken to assist in understanding the investigated soils ability for providing effluent 
renovation. Assessment of the investigated soils physico-chemical characteristics and 
evaluation of the major soil groups ability for renovating effluent is discussed in this 
chapter. 
 
4.2 Evaluation of the Soils Investigated 
4.2.1 General Assessment of Soil Physico-chemical characteristics 
The physico-chemical data derived from the soil investigation phase is presented in 
Appendix A. The assessed soil parameters are commonly used to distinguish between 
deficient, adequate and toxic availability of soil elements, in and between degraded and 
non-degraded soil conditions. Assessment of the parameters analysed during the field 
investigations are discussed in the following section. 
 
A theoretical evaluation of the collected soil information was initially undertaken to 
provide an assessment of soil effluent renovation ability. Due to the large number of 
parameters assessed, only the soil characteristics indicated as having a major influence 
on effluent renovation ability were evaluated. These parameters were individually 
evaluated against standard physico-chemical characteristic ranges found throughout 
scientific literature, which have been developed through extensive agricultural research 
and designed to distinguish between deficient, adequate and toxic availability of 
elements in soil and between degraded and non-degraded soil conditions. 
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Soil Mineralogy 
Analysis of soil mineralogy by X-ray diffraction indicated that a majority of the sites 
investigated retained high levels of quartz, particularly in the upper soil horizons, with 
increasing clay content down the soil profile. However, only a small percentage of clay 
(≥10%) is required in the soil for it to retain the properties of a clay soil. The major clay 
type commonly found in all soils was kaolinite. This is the least reactive clay out of all 
clay fractions, reducing the soils CEC and subsequent renovation capacity. Several 
sites, Sites 3, 5, 10, 17, 18, 19, 21, 22, 25, 26, 27, 28, 34, 37 and 40 also had significant 
levels of illite clay, providing these soils with a mixed mineralogy. Although having a 
higher reactivity than kaolinite, the mixed mineralogy developed by the illite fraction 
only mildly increased the soil’s CEC and overall renovation ability.  
 
Sites 1, 5, 8, 10, 14, and 17 also indicated small fraction of smectite clay within the 
analysed soils. Being a shrink swell clay, even small amounts can substantially reduced 
the soil permeability. Although having a high reactivity, the decrease in permeability 
substantially reduced the overall renovation ability of theses soils.  
 
pH 
All the soils recorded pH levels ranging from 4.5 to 6.0, indicating that all sites are 
acidic in nature. The pH values were ranked from extremely acidic (less than pH 4.5) to 
acidic (pH 4.5 - 6.0). For soils with acidic conditions (pH < 5.5), the microbial activity 
could be reduced due to increases in aluminium concentration (Brady and Weil, 2002). 
Once pH falls below 5.5, aluminosilicate clays and Al hydroxide minerals begin to 
dissolve, releasing Al-hydroxy cations and Al3+ that then exchange with other cations 
from soil colloids (McBride, 1994).  This results in the development of a toxic 
environment in the soil where micro-organisms cannot survive. This can be detrimental 
for effluent renovation as microbial activity in the soil is essential for processes such as 
nitrification, ammonia fixation and denitrification. However, due to the higher pH of 
effluent, soil pH will generally increase with long term effluent application, providing 
more suitable conditions.   
 
Electrical Conductivity (EC) 
Soils are considered to have salinity problems when the concentration of soluble salts is 
high enough to affect plant growth. The salinity levels for soils can be classified as 
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saline, saline-sodic or non saline-sodic, depending on the chemical composition of the 
salts (Shaw et al., 1987). Electrical conductivity (EC) ranged from 10 to 105µS/cm in 
the analysed soil samples. Effluent application contributes strongly to soil EC if the soil 
has the capacity to attract the free salt ions in the effluent. The increase of EC to values 
greater than 400µS/cm could lead to salinity problems, especially if the soil pH is below 
8.5 (Brady and Weil, 2002). Though the EC values found in the soils were considered to 
be non saline-sodic, the investigated soils did record pH values of less than 8.5. 
Therefore as a result of effluent application, the EC will rise and the possibility exists 
for salinity problems to occur over the long term. 
 
Chloride (Cl-) 
Cl- mostly exists in a soluble form in the soil and is considered to be a good indicator of 
the soil leaching capacity and as a salinity indicator (Brady and Weil, 2002). Low Cl- 
concentrations can be attributed to either, the soil having a coarse texture with high 
permeability and low CEC, or to a well-condensed textured soil with a heavy clay 
content and very slow permeability (Khalil et al., 2003). Well condensed textured soil 
or heavy clay will not allow Cl- to readily travel through the soil and hence it will 
accumulate. Therefore, using Cl- as an indicator to evaluate soil permeability is 
associated with the soil mineralogy and the subsurface hydrology (Shaw et al., 1987). 
Cl- concentrations measured in the investigated soil samples were between 5 and 
100mg/kg, with an average of 75mg/kg. 
 
Organic Matter (OM) 
The organic matter content (OM) in the soil is considered as an important factor 
contributing to CEC, especially in the sandy soils. Most of the soil OM adheres strongly 
to the mineral particles (humification), particularly in clay to form a clay-humus 
complex. This colloid produces a high specific surface area and high CEC. Therefore, 
higher levels of soil OM are beneficial for effluent renovation. The investigated sites 
exhibited OM values between 1 and 12%. OM in most soils decreased down the profile 
with higher levels in the A horizon, but in some cases there was no clear trend.  
 
Nutrients (Nitrogen and Phosphorus) 
Nitrogen concentration was measured as NH3-N, with concentrations found to be in the 
range of 10 to 400mg/kg, with an average of 78 mg/kg. Phosphorus was measured in the 
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form of orthophosphate (PO43-) and the concentrations were in the range between 0.1 to 
13 mg/kg, with an average of 1mg/kg. Most of the investigated sites reported low 
phosphorus content, which is typical of Australian soils (McDonald et al 1998). 
Measurement of the nutrients available in the soil is an important factor in 
understanding the soil’s nutrient holding capacity. In the case of effluent application, 
the nutrient level in the soil is expected to increase, as excess nutrients are supplied with 
the effluent. Soils with a weak capacity to hold nutrients have the potential to lose these 
nutrients through leaching to the groundwater (White, 1997).  
 
Cation Exchange Capacity (CEC) and Individual Exchangeable Cations 
CEC is an expression of the negative charge available per unit mass of soil (meq/100g). 
The crystalline framework of the clay minerals acts as a reservoir for the cations 
released by weathering and organic decomposition. These cations are mostly dominated 
by Ca2+, Mg2+, Na+, K+, Al3+ and Fe3+. These are adsorbed by clay and organic colloids, 
leaving low cations concentration in the soil solution to be balanced by mineral anions 
and bicarbonates generated from the respiration of the soil organisms. The CEC levels 
vary depending on the clay type and content and organic matter content. The CEC for 
the different sites at various soil horizons varied between 2 and 86meq/100g, with an 
average CEC for the investigated soils of 16meq/100g.  
 
The data presented in Appendix A, gives the concentrations for six individual 
exchangeable cations, namely, Ca2+, Mg2+, Na+, K+, Al3+ and Fe3+ for the soils. The 
individual cations in most investigated soils were mostly dominated by Mg2+, although 
several sites, including Sites 5, 12, 18, 22 and 23 showed equivalent levels of Ca2+, 
particularly in the A and B1-Horizons. Dominance of one cation over another is 
important, as an excess of one cation may inhibit the uptake of another. This is 
important as cation exchange processes play a pivotal role in attenuation and removal of 
effluent pollutants. Additionally, Na+ plays a significant role in terms of effluent 
application, as high levels of Na+ can cause dispersion of the clay minerals, preventing 
infiltration through the soil. This is important as the application of effluent can increase 
Na+ levels in the soil as a result of high Na+ contained in the effluent. However, no sites 
were found to have elevated Na+ levels in their natural state.  
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Exchangeable Sodium Percentage (ESP) 
The exchangeable sodium percentage (ESP) in the soil is an indicator of the possible 
hazard created by increasing the soil sodicity due to effluent application (Ahern et al., 
1988). Increasing soil sodicity can result in dispersion of clay particles, reducing 
infiltration through the soil. The exchangeable cation data were used to calculate ESP 
(ESP = [exchangeable Na/CEC] x 100%) and expressed as a percentage. The soil 
sodicity has been rated by Northcote and Skene (1972) where ESP<6% is considered 
non-sodic, 6-15% as sodic, and >15% as strongly sodic. The values given in Appendix 
A show that based on the ESP, the 48 sites were non-sodic. Increasing sodium 
concentration in the soil can lead to an increase in ESP with depth, having a significant 
impact on the soil physical properties. The soil will lose aggregation, causing clay 
dispersion which leads to reduced permeability and the formation of a surface crust. 
This will create unsatisfactory conditions for effluent application and adversely affect 
the soil’s ability to transmit and renovate effluent.  
 
Ca:Mg Ratio 
Ca:Mg ratio provides an indication of the cation distribution through soil matrix. The 
Ca:Mg ratio is used to evaluate the cation imbalance in a soil solution. Soils that retain a 
Ca:Mg ratio <0.5 are associated with soil dispersion. This is due to an imbalance of the 
cations, with Mg2+ being the dominant cation. Most soils analysed retained Ca:Mg 
ratios >0.5 in the A-horizon. The most common soils found with cation imbalance in the 
A-horizon were the Dermosol and Sodosol soil orders. Comparatively, almost all soils 
were found to be deficient in Ca2+in the B-horizon, with Ca:Mg ratios <0.5.  
 
4.3 Description of Soil Orders  
A total of nine soil orders, based on the Australian Soil Classification (Isbell 2002, 
Jacquier et al. 2000), were classified throughout the study area for the 48 investigated 
sites. The classification of these soil orders and their respective site locations are listed 
in Table 4.1. An additional soil order, the Podosol soil group, exists within the Logan 
City area, however, due to access difficulty, samples were unable to be collected .  The 
detailed physico-chemical data for each site is provided in Appendix A. 
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Table 4.1: Soil orders noted in the research area 
Soil Order Soil Suborder Sites 
Yellow (10 sites) 1, 8, 11, 13, 14, 15, 29, 30, 32 and 39 
Red (3 sites) 5, 10 and 47 
Dermosol 
Grey (1 site) 23 
Grey (3 sites) 2, 3 and 4 
Brown (2 sites) 6 and 48 
Chromosol 
Yellow (1 site) 9 
Red (4 sites) 17, 25, 26 and 27 
Yellow (5 sites) 18, 19, 21, 22 and 28  
Kandosol  
Brown (2 sites) 34 and 40 
Grey (2 sites) 7 and 42 Kurosol 
Brown(1 site) 37 
Brown (2 sites) 16 and 46  Vertosol  
Red (2 sites) 20 and 35  
Red (2 sites) 33 and 36  
Grey (1 site) 31 
Sodosol 
Yellow (3 sites) 24, 43 and 44 
Tenosol Beached-Leptic (1 site) 12 
Rudosol 2 sites 38 and 41 
Anthroposol Spolic Anthroposol (1 site) 45 
 
4.3.1 Dermosol Soil Order 
Dermosol soil was found in fourteen of the investigated sites. The Dermosol soil group 
is characterised by structured B2-horizons and lacks strong texture contrast between the 
A and B-horizons. Three suborder soil groups were recorded within the Dermosol soil 
order; Yellow Dermosol, Red Dermosol and Grey Dermosol. 
 
The organic matter content varied between the sites, and the highest value was reported 
for the A-horizon and decreased to reach the minimum in the B2-horizon. The CEC 
level decreased down the soil profile in most sites. The CEC for the Dermosol soil order 
at B-horizons was in the range between 1.7 to 24.3 meq/100g. The organic matter 
content contributed positively to the CEC level. pH was in the range from 4.3 to 6.3 for 
the Yellow Dermosol soils, 4.7 to 5.9 for the Red Dermosols, and 5.0 to 5.3 for the Grey 
Dermosols. The sites which are occupied by Al3+ can increase as pH is decreased lower 
than 5, and concentration of soluble Al will build up if the pH is lowered more 
(McBride, 1994). The presence of a higher concentration of soluble Al3+ will result in 
harmful effects on micro-organism activity in the soil. The pH increased down the soil 
profile in Sites 8, 13, 29 and 30 and decreased in Sites 1, 14, 15 and the other sites have 
an unstable trend as a result of soluble salts concentrations within the soil profile. The 
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ESP for the Dermosol was mostly reported within the non-sodic range due to the low 
soluble salts in the soil.  
 
4.3.2 Chromosol Soil Order 
Chromosol soils were found in six sites and could be divided into three suborders. In 
general, this soil order is characterised by a strong textural contrast between the A- and 
B-horizons.  
 
The high content of kaolinite associated with the illite clay and organic matter content 
were the main contributors to the CEC level in the soil. The organic matter content was 
lower than in the Dermosols and the values decreased down the profile in the 
investigated sites. The CEC levels were the lowest in the A-horizon and the highest in 
the B2-horizon with an average of 26meq/100g. The pH was in the range 4.7 to 5.9. 
This soil has low soluble salts content and most of the salts in the soil were in the 
chloride form. Phosphorus content was the highest in the B2-horizon. The individual 
exchangeable cations indicated that the dominant cations were Mg2+followed by Na+and 
Ca2+. The soil Ca:Mg ratios were less than 0.5 at the B-horizon, which could be due to 
the Na+ and Mg2+ being able to depress the Ca2+ activity. The reduction of the Na+ 
activity and the increase of Ca2+ will improve the soil fertility (Baker and Eldershaw, 
1993). The ESP was non-sodic in most of the investigated soils due to the low Na+ 
concentrations.  
 
4.3.3 Kandosol Soil Order 
Kandosol soil was classified in eleven sites investigated which included three suborder 
soils. Kandosol soil order includes soils which lack strong textural contrast, and have 
massive or weakly structured B-horizons. Organic matter content decreased down the 
soil profile in most of the investigated sites except Sites 25 and 34 where there was 
some increase in the B2 horizon due to organic matter deposition. Also, the organic 
matter content with a small portion of illite in the A-horizon increased the CEC level. 
The CEC levels ranged between 26 and 88meq/100g at B-horizons with higher values 
reported at B2-horizon due to the soil mineralogy which indicated that higher clay 
content was present in this horizon. 
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pH ranged between 4.2 and 5.8, and soil acidity increased with depth in most of the 
sites. The individual cations investigated indicated a low Mg concentration at the A-
horizon with a constant increase down the soil profile. Ca concentrations were low to 
intermediate in the A-horizon and decreased down to the B2-horizon. The presence of 
Al3+ associated with K+ due to low acidity down the profile will increase the release of 
soluble Al3+ (McBride, 1994). The red Kandosol soils have Ca:Mg ratio lower than 0.5 
at B-horizons. Soil with Ca:Mg ratio less than 0.5 is generally regarded as having low 
fertility. Kandosol soil reported low ESP (non-sodic) which means low activity of Ca2+ 
and high CEC level is controlling the soil fertility and ESP in the soil (Shaw and 
Thorburn, 1985). The EC (soluble salts) was low in all sites except at sites 34 and 40 as 
a result of high kaolinite content in these layers which facilitate the leaching of soluble 
salts. In general, phosphorus content was low in most soils and the highest content was 
observed in the A-horizon. Nitrogen exhibited the lowest concentrations in the A-
horizon, which means the organic matter associated with microbial activity under less 
acidic pH concentrations contributed strongly to the nitrification process in the A-
horizon.  
 
4.3.4 Kurosol Soil Order 
Three sites recorded having Kurosol soil order and two suborder soils were 
distinguished. The soil can be considered to have moderate permeability due to its 
mineralogy which had high quartz content. Moderate CEC is provided by the kaolinite 
and the illite content. The amount of kaolinite clay was low but the presence of illite 
supported the CEC level of the soil. The high acidity level at A-horizon was an adverse 
factor for the required microbial activity needed to renovate effluent. Organic matter 
content was the highest in the A-horizon and decreased down the profile which 
contributed to the CEC in the A-horizon. The CEC values increased down the soil 
profile as a result of increasing clay content at the B-horizon. The CEC level is expected 
to provide a moderate level of treatment.  
 
Individual exchangeable cations varied between sites. In general, the dominant cation 
was Mg2+ in the B-horizon for all sites. However, there was an indication of Al3+ 
present in the soil due to the illite content and the reduction of pH down the profile. 
This soil has a low fertility (Ca:Mg less than 0.5) and a non-sodic ESP as a result of the 
low soluble salts content at A-horizons (Baker and Eldershaw, 1993). The soluble salts 
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decreased down the soil profile at Sites 7 and 37 as a result of the higher pH at B-
horizons. EC increased down the soil profile at Site 42 as a result of pH decrease from 
5.1 at A-horizon to higher acidity at B-horizon (pH 4.6). Low phosphorus content was 
reported in the A-horizon and decreased down the profile as a result of low OM content 
down the profile which reduced the phosphorus uptake level (Brady and Weil, 2002). 
 
4.3.5 Vertosol Soil Order 
This soil was observed in four sites and there were two suborder soil types 
distinguished. The Vertosol soil order is described as a clayey soil with shrink-swell 
properties and exhibits cracking under dry conditions (Isbell, 1996). The investigated 
sites exhibited acidic soils with pH values between 4.6 and 5.2. The acidic conditions 
will result in high Al3+ concentration levels. Organic matter content increased down the 
profile as a result of low organic matter decomposition due to the low microbial 
activity. Also, the CEC level increased down the profile due to the increase of organic 
matter content.  
 
The individual exchangeable cations indicated that the dominant cations within the 
investigated soils were Mg2+and Na+, with consistent levels through the soil profile. The 
increase of Mg2+ inhibited the increase of Ca2+ (Baker and Eldershaw, 1993). 
Phosphorus content increased down the profile especially in Site 16 as a result of the 
increase in organic matter content which improved the phosphorus uptake. Also, the 
nitrogen level increased down the profile due to the increase of organic matter content 
which increased the nitrogen fixation level. Cl- increased down the profile slightly but 
the values of Cl- were low compared to the other soil orders sampled. This is an 
indication of the poor Cl- mobility in the soil, which means the soil has a low leached 
profile due to the high clay content (Khalil et al., 2003). The soil reported a Ca:Mg ratio 
of less than 0.5 as a result of imbalance between the Ca2+ and Mg2+ (Powell, 1982). This 
soil is considered a non-sodic soil with ESP less than 6%.  
 
4.3.6 Sodosol Soil Order 
Sodosol soils were found in six sites, and three suborder soils were distinguished. These 
soils have a compacted structure between A and B-horizons. The organic matter content 
increased from A to B1-horizon and decreased from B1 to B2-horizon in Sites 31, 36 
and 44 due to the low biological activity which is associated with soil pH. Organic 
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matter decreased at B1-horizon and then increased at B2-horizon in Site 33. This soil is 
acidic with a pH range from 4.5 to 5.3.  
 
The CEC level increased down the profile with reported values of between 15 and 
27meq/100g at the B-horizon. The increasing CEC through the soil profile is due to 
increases in kaolinite clay content and organic matter down the soil profile. The Ca2+ 
and Al3+ were almost in the same low range due to the higher Mg2+, which depressed 
other cation activity (Baker and Eldershaw, 1993). Also, the soil has a low Ca:Mg ratio 
as a result of imbalance between Mg2+ and Ca2+. The soil has the highest level of 
soluble salts content, and the lowest level of Cl- especially in Sites 33, 36 and 43, which 
indicates a poorly leached profile (Khalil et al., 2003).  
 
4.3.7 Tenosol Soil Order 
This soil order generally has a weak pedologic organisation apart from the A-horizon 
(Isbell, 1996). It was found in one site. This site indicated an increase of pH from 5.5 to 
5.7 down the profile. Organic matter content decreased down the soil profile. Recorded 
CEC values were less than 10meq/100g, the highest value being recorded in the B2-
horizon. This is due to the low clay and organic matter content contained in this 
horizon. The phosphorus decreased down the profile as a result of low organic matter 
content which limited the phosphorus availability at B-horizon. In addition, soluble salts 
and chloride concentrations decreased down the profile. This soil is classified as non-
sodic due to low ESP values, and the leaching of salts down the profile.  
 
4.3.8 Rudosol Soil Order 
This order is intended to include soils with negligible pedologic organisation (Isbell, 
1996). It was found in two sites. The soil has an acidic pH of less than 5 and the organic 
matter content increased down the profile as a result of the slow decomposition (Smith 
et al., 1987). The CEC level was less than 10meq/100g. This was due to the low amount 
of clay available which was not sufficient to provide the necessary electrical charges for 
the CEC level, even though there was a higher amount of illite rather than kaolinite. The 
individual exchangeable cations indicated that Mg2+ and Na+ were at the same 
concentration at A-horizon and decreased down the profile. Ca2+ reported low content 
and there was a consistent low content of Al3+ through the soil profile. The soil is 
considered to be a non-sodic soil due to the low Na+ concentration. It also has a low 
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Ca:Mg ratio or low fertility due to the imbalance between Mg2+ and Ca2+ in the soil 
(Baker and Eldershaw, 1993).  
 
4.3.9 Anthroposol Soil Order 
This soil occurs as human activities cause a profound modification or mixing of the 
original soil horizons. It was found only in one site. The soil has an acidic pH, high 
organic matter content which increased with depth, and CEC level around 20meq/100g 
in the B-horizon as a result of the presence of smectite clay. Individual exchangeable 
cations indicated that this soil has a high amount of Mg2+ at A-horizon. This decreased 
down the profile due to the slow permeability as a result of the smectite clay forming a 
barrier. Ca2+ and Na+ retained similar concentrations, although were found to be lower 
than Mg2+. Al3+ was lower than Ca2+ but increased down the soil profile due to the 
increase in the acidity level. Nitrogen increased down the soil profile and phosphorus 
recorded the same level at A and B-horizons. The soluble salts increased and reached 
the maximum at B2-horizon. Cl- concentration increased with depth, which confirmed 
that the soil has a slow permeability (Khalil et al., 2003). This soil is non-sodic due to 
the low Na+ concentration. 
 
4.4 Evaluation Based on Soil Characteristics 
Table 4.2 summarises the outcomes of the soil investigations undertaken.An evaluation 
of different soil orders for their ability to renovate sewage effluent was undertaken 
based on several key physico-chemical characteristics that have an influence on effluent 
renovation. The most significant of these factors was CEC and the corresponding 
parameters that directly influence CEC levels.  
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Table 4.2: Summary of soil characterisation 
Soil Order Soil Characteristics 
Dermosol • Low CEC 
• Low to Moderate OM, decreasing down the soil profile 
• Acidic soil  
• High soluble salts content (EC) 
• Mg2+ the dominant cation 
• Low fertility (Ca:Mg ratio less than 0.5) 
• ESP<6%, non-sodic  
• Weak soil mineralogy, mostly quartz 
Chromosol • Moderate CEC 
• Low organic matter content at B-horizons 
• Acidic soil 
• Low soluble salts content (EC) 
• Mg2+ and Na+ were the dominant cations 
• Low soil fertility  
• ESP<6%, non-sodic  
• Soil mineralogy, kaolinite with small portion of illite 
Kandosol • Moderate CEC level at B1-horizon dropped slightly at B2-horizon 
• Low organic matter content at B-horizons 
• Acidic soil 
• Moderate soluble salts, decreasing down the soil profile 
• Leached Mg2+ to B-horizons 
• Low fertility  
• ESP<6%, non-sodic 
• The dominant clay was kaolinite associated with illite 
Kurosol • Moderate range of CEC level 
• Organic matter increased down the soil profile 
• High acidity level 
• Very high soluble salts content (EC) 
• Individual exchangeable cations increased down the profile 
• Low fertility (Ca:Mg ratio less than 0.5) 
• ESP<6%, non-sodic  
• Soil mineralogy indicated high quartz content with almost equal 
amounts of kaolinite and illite 
Vertosol • Moderate CEC  
• Organic matter content increased down the profile 
• High acidity  
• High soluble salts content (EC) 
• Dominant cations were Mg2+ and Na+ 
• Low fertility (Ca:Mg ratio less than 0.5) 
• ESP<6%, non-sodic  
• Kaolinite was the dominant clay 
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Table 4.2 (cont’): Summary of soil characterisation 
Soil Order Soils Outcomes 
Sodosol • Moderate CEC level increased down the profile 
• Disturbed trend in organic matter content down the soil profile 
• Acidic soil 
• High soluble salts (EC) 
• Soil Dominated by Mg2+, with moderate Na+ in A-horizon 
• Low fertility  
• ESP>6%, sodic  
• Soil mineralogy, mostly quartz with almost 25% kaolinite 
Bleached-
Leptic 
Tenosol 
• Low CEC level 
• Low OM content which decreased down the profile 
• Acidic soil with pH increased down the profile 
• Soluble salts decreased down the profile (EC) 
• Dominant cation was Mg2+ 
• Low fertility (Ca:Mg ratio less than 0.5) 
• ESP<6%, non-sodic 
• High quartz content with minor clay, dominated by Kaolinite  
Rudosol • Low CEC level 
• High OM content, increasing down the soil profile  
• Acidic soil 
• High soluble salts (EC) 
• Dominant cation was Mg2+ 
• Low fertility (Ca:Mg ratio less than 0.5) 
• ESP<6%, non-sodic  
• Soil mineralogy indicated a high quartz and low clay content 
Spolic 
Anthroposol 
• Moderate CEC level 
• High organic matter content in all horizons 
• Low acidity level 
• High soluble salts (EC) 
• Dominant cations were Mg2+ and Na+ 
• ESP<6%, non-sodic  
• Highly leached soil profile, with high quartz content. Major clay 
type was Kaolinite. 
 
For this evaluation, assessment of CEC at the B-horizon, together with soil mineralogy 
was evaluated based on the following criteria for assessing effluent renovation ability: 
• Soil mineralogy dominated by quartz and kaolinite and with CEC values 
<20meq/100g was considered to have a low ability to treat effluent. 
• Soil mineralogy of quartz, kaolinite and small fraction of illite and CEC values 20-
50meq/100g was considered to have a moderate ability to treat effluent. 
• Soil mineralogy of quartz, kaolinite and smectite, with CEC values >50meq/100g 
was considered to have a high ability to treat effluent. 
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Additionally, as the organic matter content influences the soil CEC, this parameter was 
also used to assist in the evaluation of the renovation ability of soils. Essentially, higher 
OM levels contained in the soil increased the renovation ability. As an example, a soil 
with moderate CEC and high organic matter content was classified as having high 
effluent renovation ability. Individual cations can also affect CEC levels, and were 
therefore utilised through the evaluation. Dominance of Mg2+ and Ca2+ in soil was 
considered more favourable in regards to effluent renovation, especially over Na+, 
which can lead to dispersion if found to be more dominant. 
 
Soil ESP was used to indicate soil sodicity, with ESP > 6% considered inappropriate for 
effluent application. High ESP is a good indicator of the dispersion potential of soil, 
which is detrimental to effluent renovation ability. Soil pH was also considered in the 
evaluation, with low pH considered being detrimental to effluent renovation. However, 
due to the effluent having higher pH levels, soil pH will increase with long-term 
effluent application.  Finally, Ca:Mg ratios > 0.5 can aid in effluent renovation by 
allowing more suitable conditions for attenuation of effluent pollutants, as well as 
vegetative growth, and consequently, nutrient uptake.  
 
Based on the above, 35% of the 48 sites in the field investigation were considered to 
have a low ability to treat on-site effluent (consisting of Deromosl, Tenosol and 
Rudosol soil groups), 42% a moderate ability (Chromosol, Kurosol, Vertosol, Sodosol 
and Anthroposol soil groups) and 23% retained a high ability to treat effluent 
(consisting of Kandosol soil group). A summary of the results are given in Table 4.3. 
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Table 4.3: Soil Ability Classification  
Site Number Soil Type Ability Classification 
1, 8, 11, 13, 14, 15, 
29, 30, 32 and 39 
Yellow Dermosol 
5, 10 and 47 Red Dermosol 
23 Grey Dermosol 
12 Bleached-Leptic Tenosol 
38 and 41 Rudosol 
Low 
2, 3 and 4 Grey Chromosol 
6 and 48 Brown Chromosol 
9 Yellow Chromosol 
7 and 42 Grey Kurosol 
37 Brown Kurosol  
16 and 46 Brown Vertosol 
20 and 35 Red Vertosol 
33 and 36 Red Sodosol 
24, 43 and 44 Yellow Sodosol 
31 Grey Sodosol 
45 Spolic Anthroposol 
Moderate 
17, 25, 26 and 27  Red Kandosol 
18, 19, 21, 22 and 28 Yellow Kandosol 
34 and 40 Brown Kandosol 
High 
 
 
4.5 Conclusions 
Site selection and field sampling were among the most critical stages of this component 
of research. The preliminary investigation stage was the implementation of the desktop 
study which was then followed by a detailed investigation stage. The summary of the 
soil analysis were:  
• The investigated soils retained moderate CEC levels, with only two having low 
CEC. Typically, the soils with low CEC retained higher quartz content, with little 
clay. 
• In most of the sites organic matter content decreases down the soil profile which in 
turn reduces its ability to remove effluent pollutants, particularly nutrients, as the 
CEC is reduced; 
• The soils in the investigated sites are acidic and can inhibit microbiological activity 
important for effluent renovation; 
• The soils have low soluble salts content (based on EC) and any increase or decrease 
of EC is associated with an increase or decrease of Cl-; 
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• Mg2+ is the dominant cation in most sites which may increase the likelihood of soil 
dispersion as a result of long-term effluent application. 
• Most of the sites had Ca:Mg ratios less than 0.5, indicating increased dispersion 
potential; 
• In general, the sites have a low ESP, however long-term effluent dispersal could 
have an adverse impact on soil sodicity; 
 
An evaluation on the ability of soil to renovate sewage effluent based on the physico-
chemical parameters including CEC, OM, pH, EC, ESP and Ca:Mg ratio identified that 
35% of the 48 sites were considered as having a low ability to treat on-site effluent 
(Dermosol, Tenosol and Rudosol soil orders), 42% a moderate ability (Anthroposol, 
Chromosol, Kurosol, Sodosol and Vertosol soil orders)  and 23% a high ability to treat 
effluent (Kandosol soil order). The evaluation of soil ability for effluent renovation, 
although considering several parameters, was assessed using CEC as the major 
discriminating factor between respective soil orders. The remaining parameters involved 
in this evaluation were utilised to separate soil groups that indicated differences in soil 
ability. 
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CHAPTER 5 
MULTIVARIATE CHEMOMETRICS ANALYSIS 
 
5.1  Overview 
In the course of the field investigations, 48 sites across the study area were subjected to 
detailed soil sampling and analysis. This was followed up with a theoretical evaluation 
of the data generated to specify soil ability for effluent renovation of the classified soil 
types. However, due to the large amount of data collected through the field studies, 
being able to obtain meaningful outcomes from this information was limited due to 
difficulty in manipulating and analysing all the collected data. Consequently, only a 
limited number of phyisco-chemical parameters were taken into consideration for this 
assessment, including CEC, OM, pH, EC, ESP and soil mineralogy (Chapter 4). 
Additionally, each of these parameters were assessed on an individual level, comparing 
analysed values against predetermined values identified through research literature. As 
such, this type of evaluation did not consider the complex interactions that can occur 
between soil physico-chemical characteristics, which may enhance or decrease a soil’s 
renovation ability. For this reason, it was considered important to develop a simpler 
approach which could act as a template in order to evaluate the sewage effluent 
renovation ability of a specific soil, based on easy to determine soil physico-chemical 
parameters. The twin challenges of manipulating large volumes of data and the need to 
develop reliable methodology for soil evaluation were overcome by using chemometrics 
and multicriteria decision making methods. These techniques helped to derive a better 
understanding of soil behaviour on the basis of its physico-chemical characteristics.  
 
5.2 Use of Multicriteria Decision Making Methods for Ranking Sites 
A conventional analysis of soil ability for sewage effluent renovation, based primarily 
on the CEC and OM, in the B-horizons, was discussed in Section 4.4. This type of 
analysis can be subjective as it relies very much on the researcher’s judgment. It is 
difficult to include all the necessary physico-chemical parameters in the evaluation. Soil 
analysis is complex, and generally, with the large amount of physico-chemical data 
commonly generated, can be difficult to manipulate or analyse.  
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This problem was overcome by the use of multivariate chemometrics approaches, 
whereby large volumes of data can be processed for exploring and understanding 
relationships between different parameters (Bracewell and Robertson, 1984). 
Multivariate ranking analysis was used to evaluate the investigated sampling sites with 
the aid of MCDM methods. These methods are discussed in detail in Chapter 3, with an 
emphasis on the methods referred to as PROMETHEE and GAIA. These two methods 
facilitate decision making when dealing with a large amount of data, such as that 
generated in this study.  
 
Chemometrics analysis was used to evaluate the ability of different soils to renovate 
sewage effluent discharged to a subsurface dispersal area. The A-horizon samples were 
excluded from the evaluation and one soil sample was selected from the B-horizon to 
represent each site. Only samples from the B-horizon were assessed, as effluent is 
typically discharged to the B-horizon in most subsurface effluent dispersal trenches.   
The literature reviewed in Chapter 2 noted that treatment processes primarily occur in 
the subsurface area as a major portion, if not all, of the A-horizon soil is removed with 
the excavation of effluent dispersal trenches. For subsurface effluent application areas, 
effluent is commonly discharged 400mm below the soil surface. Therefore, the A 
horizon is commonly not utilised as part of the effluent treatment train. For this 
evaluation, seven soil physico-chemical parameters considered. These parameters 
included pH, EC, Cl-, PO43-, NH3-N, CEC and OM. This report does not discuss the 
application of these methods in detail. The reader is referred to the publication by Khalil 
et al. (2004) which provide a detailed description of the application of these methods to 
the physico-chemical data derived for the study area.  
 
5.2.1 PROMETHEE Input Data and Preference Functions 
Table 5.1 summarises the input data used for the PROMETHEE and GAIA analysis. In 
establishing the respective ranks for the included subject data, PROMETHEE utilises a 
number of preference functions used to determine how each of the corresponding values 
should be ranked in accordance with each other. Table 5.2 provides the preference 
functions utilised for this analysis and a description of how they are utilised.  
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Table 5.1: Data used for ranking by PROMETHEE 
Parameter pH EC (µS/cm)
Cl- 
mg/kg 
PO43- 
mg/kg 
NH3-N   
mg/kg 
CEC 
meq/100g OM % 
Function 
Type Level V-shape Gaussian V-shape V-shape V-shape V-shape 
Minimized False True True True True False False 
p 2.0 200 - 4 400 100 10 
q 0.1 0 - 0 0 0 0 
S  - 100 - - - - 
Weight 1 1 1 1 1 1 1 
 
Table 5.2: List of preference functions 
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The preference function LEVEL was selected for pH as the values identified are 
between two points. The best values for soil renovation processes were between pH 5 
and 9. Soils with pH lower than 5 become very acidic which eliminates the microbial 
activity necessary for renovation processes to occur. At pH higher than 9, sodicity 
problems can occur. pH was maximised for the analysis, as better renovation processes 
occur with higher pH, thereby increasing the soil’s ability to treat effluent. The 
threshold, p, was selected to be 2, which represent the largest difference that was 
considered decisive. The threshold, q, was selected to be 0.1, which indicated the 
smallest difference that was considered negligible between the different soils. The 
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weight was taken as 1, which meant that all parameters were given the same weight in 
the analysis. 
 
EC was minimised as higher salts content in the soil can lead to future sodicity. The V-
shape preference function was selected for EC. The V-shape function utilises a linear 
function until it reaches the maximum acceptable value, with values higher than this 
receiving a preference of 1. The threshold p was selected as 200µS/cm as this was the 
common value in the investigated sites. This implies that for values higher than 
200µS/cm, differences between values would receive a P(a, b) of 1. Differences 
between soil values less than this indicated threshold were ranked on linear basis from 0 
to 1.0. The selected weight was 1. 
 
A Gaussian preference function (S-curve) was applied to Cl-, to allow for the analysis of 
different measurements between 100 and 400 mg/kg. This was based on the fact that a 
very high reading can indicate slow soil permeability and vice versa, with both 
conditions being unsuitable for effluent treatment. Cl- was minimised to maintain a 
reasonable effluent percolation rate through the soil layers to maintain proper treatment 
before reaching the watertable. The threshold was selected as an average value of 
100mg/kg and the selected weight was 1. 
 
V-shape preference functions were selected for both the orthophosphate (PO43-) and 
nitrogen (NH3-N). Additionally, both parameters were minimised, as lower nutrient 
availability in the soil will enhance higher nutrient adsorption from the effluent. The 
threshold values, p, was selected to be 4mg/kg and 400mg/kg for phosphorus and 
nitrogen respectively as these values were the maximum concentrations in the soil. The 
difference between soil values less than the selected threshold was ranked linearly based 
on their respective differences and the selected weight was 1 for both parameters. 
 
The preference function for CEC was selected to be V-shape. CEC was maximised 
based on the concept of higher the CEC, the more electrical charges will be available to 
attract the effluent pollutants. The threshold, p, was selected to be 100meq/100g, with 
the largest difference of 1 given to the soil samples with higher CEC readings when 
calculated differences exceeded the selected threshold. The selected weight was 1.  
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The preference function for organic matter content was selected to be V-shape. As the 
maximum acceptable value is reached, the higher values will receive a preference of 
1.0. The higher the OM in the soil, the more suitable the soil is for phosphorus release 
and uptake and nitrogen fixation. The threshold, p, was selected to be 10% providing 
the largest difference between the compared OM values. Thus, a preference of 1 was 
given to the soil samples with higher OM when calculated differences exceeded the 
threshold selected. The selected weight was 1. 
 
 
5.2.2 PROMETHEE and GAIA Analysis of soil samples 
The PROMETHEE and GAIA analysis was undertaken for all 48 soil sampling sites. 
The 48x7 data matrix of the 48 selected sites was submitted to PROMETHEE for 
analysis with the criteria models and threshold parameters set as shown in Tables 5.1 
and 5.2 respectively. The PROMETHEE net ranking flow,ϕ, (Table 5.3) shows three 
sites representing the highest ranked soils for this data set. Site 19 (φ=0.16) remains the 
most preferred, followed by Sites 36 (φ=0.11) and 27 (φ=0.09). All three sites are 
distinguished by high CEC and OM levels.  To that extent the PROMETHEE ranking is 
in complete agreement with the preliminary threoretrical evaluation conducted based on 
CEC. Comparatively, the lowest ranked sites (Sites 1, 40 and 45) are distinguished by 
low pH levels.  
 
The GAIA biplot for the PROMETHEE analysis, given in Figure 5.1, provides valuable 
information additional to the PROMETHEE ranking. Based on the PROMETHEE 
rankings, the soils develop clusters separated according to their respective physico-
chemical characteristic that dominate each sample. Developed clusters are highlighted 
in Figure 5.1. The preferred soils for effluent renovation are separated on PC1 (positive 
scores) from the weak soils (negative scores) in the form of clusters. As shown in 
Figure 5.1, the preferred soils are separated on the basis of CEC and OM, as shown by 
the high positive scores on PC1 for Sites 19, 27 and 36 which have high CEC values. In 
comparison, Site 22, although distinguished by a high PC1 score, is ranked only eighth 
from the PROMETHEE analysis. Even though retaining a high CEC level, the ranking 
of Site 22 indicates criteria other than just CEC and OM, are influential in the overall 
PROMETHEE analysis. The least preferred soils (Sites 1, 40 and 45) on the other hand, 
are separated according to soil pH, as indicated in Figure 5.1.  
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 Table 5.3: PROMETHEE ranking of the forty-eight sampling sites 
Rank Site Soil Type Φ  Rank Site Soil Type  Φ 
1 s19 Yellow Kandosol 0.16 25 s41 Rudosol 0.01 
2 s36 Red Sodosol 0.11 26 s13 Yellow Dermosol 0.01 
3 s27 Yellow Kandosol 0.09 27 s9 Yellow Chromosol 0.01 
4 s30 Yellow Dermosol 0.08 28 s47 Red Kandosol 0.01 
5 s14 Yellow Dermosol 0.08 29 s15 Yellow Dermosol 0.00 
6 s32 Yellow Dermosol 0.06 30 s4 Grey Chromosol 0.00 
7 s48 Brown Chromosol 0.06 31 s44 Yellow Sodosol -0.01 
8 s22 Yellow Kandosol 0.05 32 s5 Red 
Dermosol 
-0.02 
9 s16 Brown Vertosol 0.05 33 s3 Grey Chromosol -0.02 
10 s10 Red Dermosol 0.05 34 s28 Red Kandosol -0.02 
11 s18 Yellow Kandosol 0.04 35 s2 Grey Chromosol -0.02 
12 s25 Red Kandosol 0.04 36 s34 Brown Kandosol -0.04 
13 s33 Red Sodosol  0.04 37 s38 Rudosol -0.04 
14 s17 Red Kandosol 0.04 38 s7 Grey Kurosol -0.05 
15 s26 Red Kandosol 0.04 39 s39 Yellow Dermosol -0.05 
16 s20 Red Vertosol 0.04 40 s43 Yellow Sodosol -0.06 
17 s31 Yellow Sodosol  0.03 41 s37 Brown Kurosol -0.07 
18 s24 Red Sodosol  0.03 42 s6 Brown Chromosol -0.08 
19 s8 Yellow Dermosol 0.02 43 s23 Red Dermosol -0.08 
20 s21 Yellow Kandosol 0.02 44 s29 Yellow Dermosol -0.11 
21 s11 Yellow Dermosol 0.02 45 s42 Grey Kurosol -0.12 
22 s46 Brown Vertosol 0.02 46 s1 Yellow Dermosol -0.12 
23 s12 Bleached-Leptic 
Tenosol 
0.02 47 s45 Spolic Anthroposol -0.15 
24 s35 Red Vertosol 0.02 48 s40 Brown Kandosol -0.19 
 
Two soil clusters are formed on this basis, with the least preferred soils separated on 
PC1 by retaining either high pH levels (as indicated by sites 39, 40, 42 and 45) or low 
pH (for example sites 3, 8, 12 and 15). CEC, OM and pH remain important with 
negative loadings on PC2 but in addition, the PO43- vector (positive PC2 loading) has 
become more prominent in distinguishing between soil clusters. Additionally, the Cl- 
loadings vector also has a significant influence on the results (negative on PC2), being 
highly correlated with pH. Both these parameters, however, are in opposition to PO43-, 
indicating that when PO43- levels are high, Cl- is low. The NH3-N criterion was found to 
be of moderate importance, being in opposition to the four principal criteria, especially 
CEC. This suggests that when soil nitrogen levels are high, the CEC values are lower. 
The Pi (π) decision axis, indicating the highest ranked soils, is closely associated with 
CEC, with minor influences established through OM, pH, Cl-. The remaining criteria, 
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although not directly influential on the Pi axis, do indicate that the preferred soils are 
also identified by lower EC, NH3-Nand PO43+ levels. 
 
 
Figure 5.1:  GAIA analyses for the forty-eight sampling sites 
 
From the above analysis of the 48 sampling sites, the compromise PROMETHEE 
solution for the selection of the preferred soil sites for effluent renovation suggested that 
Sites 19, 36 and 27 are the best sites on the basis of the scientific parameters considered. 
These sites consist of Kandsol and Sodosol soil groups. Through the analysis, it was 
found that the two criteria, CEC and OM, conventionally used for the initial evaluation 
of soil ability still remain critically important for the selection of the best performing 
soils. Soils identified as having a low ability for effluent renovation were found to be 
discriminated from the high ability soils by pH and Cl- levels. Additionally PO43- , and 
to a lesser extent NH3-N, provided further important discrimination of the sites. Thus, 
the compromise solution has to be based on the consideration of CEC, OM, pH, Cl- as 
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well as PO43- and NH3-N. Interestingly, EC seems to play a relatively minor role in the 
site selection. 
 
Based on the outcomes of the PROMETHEE and GAIA analysis, Table 5.4 provides the 
soil effluent renovation ability for the major soil groups assessed through this 
evaluation. In comparison to the theoretical evaluation conducted in Chapter 4, the 
resulting soil evaluation achieved through the PROMETHEE analysis has indicated that 
some soil types (Anthroposol and Kurosol) have a low soil effluent renovation ability, 
where previously were indicated to have a moderate ability. Likewise, some of the 
Sodosol soils were found to retain a higher renovation ability.  
Table 5.4: Soil effluent renovation ability derived through PROMETHEE analysis. 
Site Number Soil Group Soil Renovation Ability 
45 Spolic Anthroposol 
2,3,4 Grey Chromosol 
1,8,11,13,14,15,29,30,32,39 Yellow Dermosol 
5,10,47 Red Dermosol 
23 Grey Dermosol 
37 Brown Kurosol 
7,42 Grey Kurosol 
38, 41 Rudosol 
12 Tenosol 
Low 
6,48 Brown Chromosol 
9 Yellow Chromosol 
34,40 Brown Kandosol 
18,19,21,22,28 Yellow Kandosol 
24,43,44 Yellow Sodosol 
Moderate 
17,25,26,27 Red Kandosol 
16,46 Brown Vertosol 
20,35 Red Vertosol 
31 Grey Sodosol 
33,36 Red Sodosol 
High 
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5.3 Conclusions 
To facilitate multivariate chemometrics approaches for soil evaluation, well regarded 
MCDM methods, PROMETHEE and GAIA, were applied to investigate which of the 
different soil types within Logan City were most appropriate for effluent renovation. 
From these analyses, PROMETHEE net outranking flows, ϕ, showed that two Sites 19 
and 27 were always among the top three ranks of the three matrices investigated. The 
input criteria used in the analysis, CEC and OM were always in agreement with the 
preliminary analysis (Section 4.4). These are important for the soil evaluation, but other 
physico-chemical criteria should also be considered. This was especially apparent with 
the analysis of the largest matrix (48x7), which undoubtedly represents the common real 
world scenario, where more rather than less sites would be desirable to be tested and 
analysed together. In addition, it was found that the pH and Cl- attributes were related to 
the discrimination of the weaker performing sites from the better ones, and the PO43- 
and the NH3-N criteria were in general in opposition to CEC, OM, pH and Cl- but were 
much less effective as discriminators (shorter loadings vectors). 
 
The PROMETHEE analysis of the 48 sites provided a ranking system on the ability of 
different sites to renovate effluent, based on the seven physico-chemical parameters 
previously investigated. The results obtained were based on the initial input criteria 
submitted to PROMETHEE (Table 5.1). These criteria were obtained from the soil 
analysis discussed in Chapter 4. The changes in the initial input criteria could change 
the ranking outcome. Therefore, it was important to note that both methods 
(conventional and PROMETHEE) have to be used together for evaluating the soil 
ability to renovate effluent, as they complement each other, which will result in more 
reliable site evaluations.  
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CHAPTER 6 
INVESTIGATION ON EFFLUENT TREATMENT AND 
TRANSPORTATION IN SOILS 
 
6.1 Overview 
At present, a lack of information exists regarding the performance of Australian soils, 
particularly subtropical soils found in South East Queensland, under effluent 
application. Therefore, a laboratory experiment was designed to study the vertical 
transport of effluent through a variety of soil types in the Logan Local Government 
area.  The soil column experiment was designed to understand the actual soil behaviour 
in response to on-site subsurface effluent dispersal and to validate the conclusions 
derived from the analysis and evaluations undertaken for the field investigations 
(Chapters 4 and 5). 
 
6.2 Objectives 
The primary objectives of this study were: 
1. to investigate the actual soil behaviour under effluent application; 
2. to investigate changes in soil mineralogy due to effluent application; 
3. to evaluate the ability of different soil types to renovate effluent.  
 
6.3  Justification  
The soil evaluation based on the field studies discussed in Chapter 4 raised several 
important questions which needed further investigation, such as: 
• What will happen if the evaluation indicated that a certain soil is capable of 
renovating effluent, but fails to transmit the effluent? 
• What is the treatment level provided by each soil? 
• What changes take place in the soil due to effluent application? 
• At what depth will the effluent be adequately purified under the assumption of no 
horizontal transport?  
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The soil column experiment conducted allowed investigation of these questions, thereby 
clarifying earlier outcomes achieved through the theoretical and multivariate assessment 
of soil data. 
 
6.4  Design 
The experimental design conducted for the soil column experiment is summarised in 
Table 6.1. The soils used in the experiment were undisturbed soil cores collected 
throughout Logan City. Twelve soil cores were obtained, which were selected based on 
the most representative soils found in the study area, and also to provide balance 
between soils previously evaluated (Chapters 4 and 5) as being both suitable and 
unsuitable for effluent renovation. Investigated soil types included Dermosol, 
Chromosol, Ferrosol, Kurosol, Sodosol, Kandosol and Podosol soil classifications. Each 
soil column collected was a minimum height of 1200mm.  
 
Due to difficulty in obtaining representative septic tank effluent throughout the 
experimental period, and due to the heterogeneity of typical effluent characteristics from 
different houses, primary treated municipal effluent was used. This was obtained from 
the Loganholme Water Pollution Control Centre, where most of the sewered section in 
the project area is serviced. The volume of effluent applied to the soil columns was 
based on the design effluent discharge flow rate of 180L/cap/d, based on average daily 
effluent generation in Australia (AS/NZS 1547, 2000). This flow rate was scaled down 
based on soil column cross sectional area of 79cm2, to ensure similar effluent loading 
conditions to that of a typical septic tank-soil absorption system. This resulted in 240 
mL/day of effluent being applied to each column. The application of this effluent was 
applied in two dosages of 120mL every morning and evening to each column, in order 
to replicate the typical peak hours for water use in a household.  
 62
Table 6.1: Experimental design of the column study 
Objective Experimental 
Duration 
Flow Rate Effluent Sampling Effluent 
Characterisation 
Soil Physico-chemical Testing 
• Investigate soil ability 
under effluent application 
for transmitting and 
treating effluent. 
 
• Verification of the soil 
physico-chemical data 
interpretation and 
conclusions derived from 
the field study.  
 
• Investigate the changes to 
soil mineralogy after 
effluent application 
within the time frame of 
the column experiment. 
12 months 
 
1mL/min for 
two hours 
every twelve 
hours. Flow 
rate stayed as 
indicated 
unless 
effluent 
ponding 
occurred in 
the soil 
column, after 
which the 
effluent was 
applied when 
required. 
 
Samples collected 
when an effluent 
sample of 30mL or 
more was collected 
in the sampling 
bottle. 
 
• The initial feed 
(preliminary 
effluent) sieved 
to remove the 
large solid 
particles. 
 
• The initial 
effluent and 
collected 
samples 
characterised for 
TCOD, PO43-, 
TN, EC and pH. 
 
• Prior to starting the experiment, 
three soil samples of 15 g each 
collected from the different soil 
sampling points in each 
column.  
 
• Another three soil samples 
collected from the same 
location after 8 months. 
 
• Soil samples characterised for 
TN, PO43-, Cl-, pH, EC, CEC, 
Individual exchangeable 
cations Al3+, Ca2+, Mg2+, K+, 
Fe3+ and Na+, Organic matter 
content, and XRD. 
 
 
6.5  Laboratory Columns - Manufacture and Preparation 
Twelve Perspex columns of 100mm diameter and 950mm length were fabricated for the 
column experiment. Each column was provided with three effluent sampling points as 
shown in Figure 6.1. Each effluent sampling point was fitted with 12.5mm diameter 
hose fittings and connected with a tube to collect percolating effluent into attached 
sampling bottles. In addition, three soil sampling windows were located on the adjacent 
side of the column. Each soil sampling window measured 50mm x 50mm and was 
sealed with a removable flap. Figure 6.1 provides details of the sampling points.  
 
Figure 6.1: Schematic diagram for a typical laboratory column 
The columns were fitted with a 25mm thick perspex baseplate with a final effluent 
discharge point located in the centre. This discharge point was also fitted with a 
12.5mm ball valve and hose fitting, connected to a sampling bottle with PVC tubing. 
This allowed sampling of effluent which had percolated through the entire soil core. 
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Columns were placed in groups of four on a wooden trolley as shown in Figure 6.2, and 
stored in a controlled climate laboratory for the entire length of the experiment. 
 
Figure 6.2: Columns placed on a trolley 
 
6.6 Soil Cores Collection 
Undisturbed soil cores were collected away from roadsides and watercourses to avoid 
collection of any disturbed or imported materials. All soil cores were obtained on the 
same day with the same size augur. Collection was achieved using the following 
equipment: 
• Top Drive Scout III truck mounted drill rig. 
• Hollow Auger Drill system with bits and adaptors, split spoon sampler, hand tools 
and ancillary drilling equipment. 
 
Soil coring was conducted by placing an 85mm internal hollow steel tube inside a 
200mm-flite auger which was driven hydraulically into the soil to a depth of 900mm 
(Figure 6.3).  
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Figure 6.3: The drilling augur with the hollow flite augur inside 
 
The soil core was transferred to a 100mm diameter, 2000mm length of PVC tube to 
provide secure conditions for transporting the samples to the laboratory as shown in 
Figure 6.4. The flite auger was placed inside the borehole and driven for another 
900mm, and the resultant sample core was collected and transferred to the same PVC 
pipe. The undisturbed soil cores were collected to a depth of at least 1400mm, to allow 
easy distinction between the soil A and B horizons (Figure 6.4). A complete site 
description of each site was recorded which included weather conditions, ground 
coordinates and the soil type.  
 
Figure 6.4: Soil core shows distinct A and B-horizons 
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Field observations recorded during collection of the soil cores are summarised in Table 
6.2. The topography of sites where the soil cores were collected is shown in Figure 6.5 
in a single hypothetical landscape catena (White 1997). However it should be noted that 
the soil samples were obtained from widely spaced locations which did not belong to 
one catena.  
 
 
 
 
 
 
 
 
 
 
 
Figure 6.5: Approximate location of soil cores in a hypothetical landscape catena 
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Table 6.2: Soil columns and field observations 
Coordinates Column 
Number 
Soil Type 
North East 
Field observations 
1 Yellow 
Kurosol 
505 732 6 941 853 • A-horizon; 400-450mm depth with high organic matter content. 
• B1-horizon, 400-800mm depth, silty clayey of yellow colour. 
• B2-horizon; 800-1200mm depth, clayey with dominant yellow colour. 
• The topography was a high flat area followed by a deep slope.  
2 Red 
Ferrosol  
533 020 6 886 937 • A-horizon, around 900mm depth, sandy clay of red colour. 
• B1-horizon; 900- 1150mm depth; clay of yellowish colour. 
• B2-horizon; 1150- 1500mm depth; clay of white colour. 
• The core soil was obtained from a high flat area followed by a deep slope. 
3 Aquaic 
Podosol 
535 691 6927 067 • A-horizon; 100mm depth organic rich sandy with loose structure. 
• B-horizon; 100 – 750mm depth; sandy soil with high organic matter content with no 
clear barrier between horizons and loose structure. 
• The soil core was collected from flat area with a high watertable. 
4 Brown 
Kurosol 
523 582 6 938 431 • A-horizon; 350mm depth, sandy with high organic matter content. 
• B1-horizon; 350-700mm depth, silty clayey layer with loose structure.  
• B2-horizon; 700-1200mm depth, clayey layer. 
• The soil core was collected from the end of slope and beginning of flat area 
5 Red 
Chromosol 
522 526 6 938 759 • A-horizon; sandy, medium brown colour.  
• B1-horizon; red brown colour. 
• B2-horizon; bleached cream colour. 
• The soil core has a weak structure between A and B-horizons. 
6 Brown 
Sodosol 
521 784 6 940 756 • A-horizon; sandy with organic matter, moderate brown colour. 
• B1-horizon; silt and clay; moderate brown colour. 
• B2-horizon; clay, light brown colour. 
• The soil core was collected from a deep sloping area. 
 67
 68
Coordinates Column 
Number 
Soil Type 
North East 
Field observations 
7 Brown 
Kurosol 
511 532 6 934 456 • A-horizon; sandy rich with organic matter; medium brown colour. 
• B1-horizon; a clear fine sand and silt; light to medium brown colour with loose 
structure. 
• B2-horizon; deep condensed clay, reddish colour. 
• The soil core was collected before the end of sloped area. 
8 Brown 
Dermosol 
509 149 6935 054 • A-horizon; sandy with organic matter; brown colour. 
• B1-horizon; lose sandy soil; yellowish colour with loose structure. 
• B2-horizon; clay; yellowish. 
• The soil core was collected from the bottom of a slope to flat area. 
9 Yellow 
Dermosol 
503 057 6 936 125 • A-horizon; deep sandy with organic matter content. 
• B-horizon; difficult to distinguish between soil horizons with loose structure. 
• Collected from the end of a sloping area. 
10 Yellow 
Chromosol 
504 274 6 937 916 • A-horizon; sand and organic matter; medium dark brown colour. 
• B1-horizon; silt and clay; medium brown colour with loose structure. 
• B2-horizon; silt and clay; orange brown colour.  
• The soil core was collected from a middle of a sloping area. 
11 Grey 
Chromosol 
502 267 6 939 375 • A-horizon; sand and organic matter; light brown colour. 
• B1-horizon; sand and clay; light red to brown colour with loose structure. 
• B2-horizon; clay; orange colour. 
• The soil core was collected from a flat area. 
12 Red 
Kandosol 
502 271 6 939 377 • A-horizon; sand with high organic matter; dark brown colour. 
• B1-horizon; sand and silt; orange colour. 
• B2-horizon; clay, light orange colour. 
• The soil core was collected from the middle of a sloping area. 
6.7  Preparation and Handling of the Soil Cores 
Until their insertion into the prepared Perspex columns, the collected soil cores were 
kept covered at room temperature and sprayed with water to prevent any cracking due to 
changes in moisture content. The top 300mm section of the soil core was discarded 
from each column. This section represents the depth of the dispersal trenches in a 
subsurface treatment system and the point at which primary treated effluent is typically 
applied to the soil. In addition, the top surface of the soil core was subsequently covered 
with 20mm gravel to a depth of 30mm to replicate installation of subsurface effluent 
dispersal trenches. From the remaining length of soil core, a section between 850 to 
900mm was separated for the experiment use. A geo-textile membrane was placed at the 
base of the column to prevent the migration of fine soil particles out of the column. The 
soil cores were slid carefully into the Perspex columns. The windows on the side of the 
column were removed to allow three original soil samples of 15g to be obtained. The 
remaining gap between the collected soil core (85mm) and the Perspex column 
(100mm) (due to differences in diameter) was filled with clear petroleum jelly as shown 
in Figure 6.6. This prevented effluent from short-circuiting along the sides of the 
column, ensuring percolation through the soil core was achieved. Perforated stainless 
steel tubes were inserted into each soil column to collect effluent percolating through 
the soil core and to direct it to a sample collection bottle.  
 
6.8 Effluent Application and Sampling 
Initial effluent application required 120mL of effluent to be applied to the soil columns 
every 12 hours (240mL/day total). The feed effluent was characterised prior to 
application. A slow drip feeding method was used as shown in Figure 6.7, until effluent 
ponding occurred on the column surface due to soil saturation and formation of the 
clogging mat. Figure 6.8 shows the column experiment set-up. The effluent sampling 
points along the sides and the base of the columns were connected to 120mL bottles for 
collection of percolating effluent as shown in Figure 6.9. This effluent was characterised 
for the parameters given in Table 6.1.  
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Figure 6.6: Soil cores inserted into the columns with petroleum jelly 
 
Figure 6.7:  Effluent feeding of the soil columns 
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Figure 6.8: Experimental set-up 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.9: Collecting effluent percolating through 
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6.9  Soil Characterisation 
Three samples from each soil column representing the original undisturbed soil 
conditions and different soil horizons were characterised before effluent application for 
the following soil physico-chemical parameters: pH, organic matter content (OM), 
electrical conductivity (EC), chloride ion (Cl-), total nitrogen (TN), total phosphorus 
(TP), cation exchange capacity (CEC), soil mineralogy by XRD. and individual 
exchangeable cations (Fe2+, Al3+, Mg2+, Na+, Ca2+ and K+). After eight months of 
effluent application, another three soil samples were collected from the same sampling 
locations and analysis for the above parameters was repeated. The soil samples were 
labelled accordingly as; 1org (A-horizon), 2org (B1-horizon) and 3org (B2-horizon) for 
the original soil samples from each of the three soil sampling points respectively. The 
three soil samples collected after effluent application were labelled as; 1col (A-horizon), 
2col (B1-horizon) and 3col (B2-horizon). The physico-chemical data obtained by 
analysis of collected soil samples before and after effluent application is tabulated in 
Appendix B, Table A. 
 
6.9.1 Mineralogical Analysis 
The X-ray diffraction results for the collected soil samples before and after effluent 
application are given in Appendix B, Table B. Due to the large number of the data 
points, the discussion is divided into three groups to help simplify the evaluation of 
results. The data analysis for Columns 1 to 4 is plotted in Figure 6.10a, for Columns 5 
to 8 in Figure 6.10b and for Columns 9 to 12 in Figure 6.10c.  
 
Every soil has a unique mineralogy which can influence effluent renovation ability. The 
composition of each soil type can reflect positively or adversely on the CEC level for 
each soil horizon. Soils with higher clay content, especially Columns 1, 2 and 4, have 
higher CEC than soils with negligible clay content, such as Column 3. In addition, the 
type of clay is also an influential factor in relation to CEC. In general, kaolinite is the 
least active clay, with illite providing higher exchange capabilities. Smectite is the most 
active clay, but due to its high shrink/swell properties, typically has a lower 
permeability compared to other clays. Therefore, soils with high smectite clay content 
are unsuitable for effluent renovation as effluent cannot adequately percolate through 
the soil. Consequently, the most appropriate soil for effluent renovation will provide a 
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high level of cation exchange ability to attenuate and remove pollutants, and also 
provide suitable infiltration through the soil. The CEC for Column 2 was higher than 
Columns 1 and 4 due to the increased presence of illite. Columns 1 and 4 were found to 
retain high kaolinite content, however their CEC improved slightly due to small 
fractions of smectite within the soil. Preliminary evaluation of these four columns based 
on the previous evaluations indicated that the best effluent treatment performance would 
be achieved by Column 2. Columns 1 and 4 would provide a moderate performance, 
with Column 3 providing limited treatment ability. This evaluation would be updated 
based on the soil’s performance under effluent application. 
 
The data analysis for Columns 5 – 8 showed that quartz was the major mineral 
associated with these four columns. The highest quartz content was found in Column 8, 
with Column 5 retaining the lowest quartz content. Although retaining high quartz 
contents, a clay percentage of ≥10% can influence the soils’ characteristics and 
structure, causing the soil to be characteristics of a clayey soil. X-ray diffraction of the 
soil columns indicated that the second highest mineral fraction was kaolinite clay, with 
Column 7 retaining the highest amount. Illite was present in minor amounts in all 
columns except in Column 7. The physico-chemcial analysis showed low CEC levels in 
Columns 5, 6 and 8, indicating that the small amount of illite in the composition did not 
affect the CEC significantly. Preliminary evaluation of the soils’ renovation ability 
indicated that the best performance could be expected from Column 7 due to higher clay 
content found in B-horizon, with moderate performance expected for Columns 5, 6 and 
8.  
 
The data analysis for the Columns 9-12 showed that quartz was the major mineral 
associated with these four columns, as found for Columns 1-8. Kaolinite was the second 
most common mineral in Columns 9, 10 and 11. Column 12 retained proportionate 
amounts the clay mineral illite. Small fractions of illite were also identified at B2-
horizons in Columns 9 and 11. The presence of illite in these columns reflected slightly 
on the available soil CEC level, enhancing their overall renovation ability. In the 
preliminary evaluation for these four columns, the best renovation performance was 
expected to be provided by Column 12, with moderate renovation ability achieved 
through Columns 9, 10 and 11. 
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Additionally, the results from the X-ray diffraction indicated that there were increased 
amounts of amorphous (non-diffractable) material in each column after effluent 
application, as indicated in Figures 6.10a-6.10c This is mostly related to organic matter 
content, which increased as a result of effluent application. This is most notable in 
Columns 5, 6, 8, 9, 10 and 11. 
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Figure 6.10a: Mineralogical analysis of Columns 1, 2, 3 and 4 
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Figure 6.10b: Mineralogical analysis of Columns 5, 6, 7 and 8 
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CEC quantifies the soil’s ability to exchange and to retain nutrients and other cationic 
substances. The capacity of the soil to attenuate and remove these pollutants is a major 
factor in evaluating the ability of soil to provide suitable renovation of effluent. Soil 
mineralogy and organic matter content are the essential factors that govern the exchange 
capacity and adsorption processes. The type of clay minerals has a major role, due to the 
difference in valency of the different clay types, as well as the clay structure. Soils 
consisting mostly of kaolinite clay minerals are least suited to removing pollutants due 
to the low ionic charge held by the ions within the clay structure. Illite, retaining a 
higher ionic charge than kaolinite, is more suitable for providing effluent renovation. 
Soils with smectite clay minerals retain the highest ionic charge and would be 
particularly useful for attenuating and removing pollutants. Unfortunately, due to the 
clays’ high shrink/swell properties, the ability for effluent to infiltrate through the 
smectite clay is severely restricted. The amount of clay is also significant in controlling 
effluent renovation. Higher clay percentages reduce the ability for effluent to percolate 
into the subsoil, causing saturation and hydraulic overloading. Therefore, soils with 
high clay percentages or with smectite mineralogy will be restrictive. As such, moderate 
permeability and sufficient ionic charge (illite clays for example) will be more suitable. 
Both these factors affect the CEC for soil. Therefore, it was necessary to evaluate the 
changes in CEC and its effect on effluent renovation. 
6.9.2 Cation Exchange Capacity (CEC) 
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Figure 6.10c: Mineralogical analysis of Columns 9, 10, 11 and 12 
 
 
 76
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
%OM
0
100
200
300
400
500
600
700
800
900
0 20 40
CEC (meq/100g)
0 25 50 75
%OM
0
100
200
300
400
500
600
700
800
900
0 20 40
%OM
0
100
200
300
400
500
600
700
800
900
0 2 4 6 8
CEC (meq/100g)
0 25 50 75
CEC (meq/100g)
0 10 20
Effluent
S
o
i
l
 
C
o
l
u
m
n
 
 
 
 
 
 
 
 
 
 
 
D
e
p
t
h
 
(
m
m
)
Column 1 
Effluent
S
o
i
l
 
C
o
l
u
m
n
 
 
 
 
 
 
 
 
 
 
 
D
e
p
t
h
 
(
m
m
)
Column 3 
Effluent
S
o
i
l
 
C
o
l
u
m
n
 
 
 
 
 
 
 
 
 
 
 
D
e
p
t
h
 
(
m
m
)
Column 2 
%OM
0
100
200
300
400
500
600
700
800
900
0 20 40
CEC (meq/100g)
0 25 50 75 100
%OM
0
100
200
300
400
500
600
700
800
900
0 20 40
CEC (meq/100g)
0 10 20
Effluent
S
o
i
l
 
C
o
l
u
m
n
 
 
 
 
 
 
 
 
 
 
 
D
e
p
t
h
 
(
m
m
)
Column 6 
%OM
0
100
200
300
400
500
600
700
800
900
0 20 40
CEC (meq/100g)
0 10 20
Effluent
S
o
i
l
 
C
o
l
u
m
n
 
 
 
 
 
 
 
 
 
 
 
D
e
p
t
h
 
(
m
m
)
Column 5 
Effluent
S
o
i
l
 
C
o
l
u
m
n
 
 
 
 
 
 
 
 
 
 
 
D
e
p
t
h
 
(
m
m
)
Column 4 
Figure 6.11a: Profiles showing changes in CEC and OM prior to and after effluent application for Columns 1 to 6. Legend:          Before Effluent 
application;         After effluent application 
%OM
0
100
200
300
400
500
600
700
800
900
0 20 40
CEC (meq/100g)
0 20 40
Effluent
S
o
i
l
 
C
o
l
u
m
n
 
 
 
 
 
 
 
 
 
 
 
D
e
p
t
h
 
(
m
m
)
Column 9 
%OM
0
100
200
300
400
500
600
700
800
900
0 20 40
CEC (meq/100g)
0 20 40
Effluent
S
o
i
l
 
C
o
l
u
m
n
 
 
 
 
 
 
 
 
 
 
 
D
e
p
t
h
 
(
m
m
)
Column 12 
 
 
 
 
 
77
Figure 6.11b: Profiles showing changes in CEC and OM prior to and after effluent application for Columns 7 to 12. Legend:          Before Effluent 
application;         After effluent application 
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CEC levels of the twelve soil columns and the changes resulting from effluent 
application are plotted in Figure 6.11a – 6.11b. The results showed a gradual increase in 
CEC for Columns 1, 2, 6, 7, 10, 11 and 12 due to the clay mineral type and amount of 
clay in the soil. Small increases in clay content at the sampling points occurred as a 
result of soil settling during effluent application or migration of clay particles down 
through the soil profile. However, columns 6, 7, 10, 11 and 12 were also affected by the 
amount of OM in the soil which contributed significantly to the CEC. OM can 
significantly increase soil CEC due to the high ionic charges associated with the organic 
material. This is obvious in Columns 11 and 12 which had increasing CEC levels in 
conjunction with increasing OM. Columns 4, 5 and 8 had significant increases in the B1 
horizon, with constant or little increases in the B2 horizon. This is directly related to the 
soil mineralogy, with increasing smectite clay down through the soil profile in the B 
horizons. Although good for retaining pollutants, the increasing smectite may interfere 
with the dispersal of the effluent through the soil, particularly for Column 8 which 
shows that no increase in CEC can be attributed to OM. Conversely, OM is shown to 
also increase the CEC in Columns 4 and 5. Columns 3 and 9 were the only columns 
which showed no increases in CEC through the soil profile, with CEC reducing in the 
subsoil. Both Columns 3 and 9 have high percentages of sand, which typically retains 
little ionic charge on the sand particles, unless other mineral elements such as iron and 
calcium are available to provide ionic coatings on the sand particles themselves. 
However, this was not the case for Columns 3 and 9. Column 9 does have some 
kaolinite clay minerals in the top soil horizon, with mixed kaolinite/illite clay in the 
lower B Horizon. These clay minerals provide the lowest ionic charge, hence the low 
CEC achieved by these soils.  
 
The application of effluent onto the soil columns had varying effects on CEC levels. 
Most columns showed little or no increase in CEC in the A-horizon, with several 
columns (Columns 2, 3, 4, 5,7, 9 and 11) showing marked reductions compared to the 
original natural soil conditions. There are two main reasons for this. Firstly, the upper 
soil retains more sand than the B horizon, allowing a much faster flow rate through the 
soil matrix. This can cause OM to flow further into the subsoil, rather than being 
trapped in the A horizon. Additionally, the higher flow rate in this horizon may cause 
settling of the soil and migration of clay fines deeper into the soil profile. For example, 
Columns 2, 3, 4, 5 and 9 showed increases in OM content further down the soil profile. 
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In Contrast, Columns 1, 7 and 11 showed decreasing CEC levels throughout the soil 
profile. This is more likely attributed to the leaching of cations out of the soil, causing 
reductions in CEC as the effluent passes through the soil. Columns 5, 6 and 8 showed 
increases in CEC in the B1 horizon, with little change in the lower B2 horizon. All three 
columns had smectite clays in the lower B horizon, indicating that after extended 
effluent application, swelling of the clay may prevent any further percolation into the 
soil profile, causing little change over time. 
 
6.9.3 Organic Matter Content (OM) 
The OM content in the twelve soil columns before and after effluent application is 
plotted in Figures 6.11a – 6.11b. Prior to effluent application, the amount of OM 
contained within the soil cores were typical for most soils, with higher levels of OM 
identified in the A horizon, reducing down through the soil profile. The highest levels of 
OM were observed in the A-horizon for Columns 1 and 2. This is most likely a result of 
high organic deposition and build-up and slow decomposition of the organic matter 
within these soils. This is typical of native bushland where these soils were extracted. 
Overall, OM decreased down the soil profile in all twelve soil columns, with the lowest 
recorded levels of OM found at the B2-horizons. This is due to the nature of the soils, 
with increasing clay content through the soil profiles preventing the leaching of organic 
matter deeper into the soil profile.  
 
Application of effluent to the soil columns changed the level of OM in the soil layers 
depending on the level of deposition and buildup of suspended solids filtered out of the 
effluent by the soil, as well as the level of biochemical activity during the 
decomposition of OM. For instance, the OM in A-horizon for all columns increased 
except in Columns 1 and 3 where it decreased. This is typical of dispersal systems, with 
filtration of larger effluent particles, and decomposition of OM and nutrients occurring 
at the soil interface. This eventually leads to a build up of OM, suspended solids and 
micro-organisms, commonly referred to as the biomat. The development of this biomat 
can provide increased purification of effluent. A detailed study of this is discussed in 
Chapter 7. Column 1 retains a fairly sandy A horizon, which allowed OM to percolate 
deeper into the soil column prior to being filtered out and decomposed on top of the 
upper B horizon. This is signified by the substantial increase in OM within this region. 
In comparison, Column 3 consists entirely of sand retaining much larger pore spaces 
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between soil particles. This allowed OM contained in the soil and applied effluent to 
leach through the soil pores. The large increase in OM observed at the base of Column 
3, and subsequent reductions in both the A and B1 horizons agree with this. Due to the 
ability of the OM to travel through the sandy soil, Column 3 indicates that this 
particular soil (Podosol) may not be suitable for effluent application. 
 
For the remaining soil columns, OM was shown to have increased in content at the A- 
horizon or B1-horizon after effluent application. Due to the soil acting as a filter 
medium, larger OM is trapped within the top sections of the soil core, thereby 
increasing the overall content. OM was found to have also increased at the B2-horizon 
in most columns except in Columns 4, 6 and 12. In the case of Column 4, a layer of 
smectite in the lower half of the column prevented the penetration of OM deeper into 
the subsoil. This was caused by the relatively impermeable nature of smectite as it 
swells with moisture. Consequently, OM stayed at almost the same level both before 
and after effluent application. Having impermeable limiting sublayers within the subsoil 
matrix of dispersal systems can cause ponding of effluent and subsequent hydraulic 
overloading of the effluent dispersal system, eventually leading to failure. This was 
expected to occur for Column 4, after continued effluent application.  
 
For Columns 6 and 12, the OM increased in the A horizon. However, OM subsequently 
decreased down through the soil profiles. This is most likely attributed to higher 
biological activity occurring within the B horizon, allowing the OM to be broken down 
and decomposed by soil organisms.  
 
6.9.4  pH 
The pH values for the twelve soil columns in the original soil samples were below pH 
6.6, as shown in Figures 6.12a- 6.12c. This is typical of most subtropical soils found in 
Southeast Queensland. All columns, except 3, 5, 8 and 12 showed decreasing pH levels 
down through the soil profile. This can be attributed to the decomposition of OM in the 
soil profile.  
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Figure 6.12a:  
Profiles showing changes in pH, EC 
-and Cl  prior to and after effluent 
application for Columns 1 to 4. 
Legend:           
          Before Effluent application  
          
          After effluent application 
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Figure 6.12b:  
Profiles showing changes in pH, EC 
and ClP- P prior to and after effluent 
application for Columns 5 to 8. 
Legend:           
          Before Effluent application  
          
          After effluent application 
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The decomposition of OM tends to acidify the soil due to the different acid functional 
groups found in OM, which are a prominent source of H+ (Brady and Weil, 2002).  
Reactions between soil compounds and the H+ ions create acidic conditions. Columns 3, 
5, 8 and 12, on the other hand, showed increasing pH through the soil profile. This is 
observed to be related to the lower levels of OM in these soil columns, which decreases 
down through the profile.  
 
The application of effluent onto the soil columns caused soil pH to increase due to 
applied effluent retaining higher pH levels. The results of the soil column experiment 
confirmed this with most columns showing increases in pH over the duration of the 
experiment. However, several columns showed reductions in pH with effluent 
application. Typically, this can be related to the decomposition of OM as discussed 
previously, with columns showing decreases in pH also having increases in OM.  As a 
result of effluent application. Columns 3, 4 and 11 had significant reductions in pH at 
the lower B2 Horizons. For Columns 4 and 11, this can be directly related to the 
movement of effluent through the column. As indicated by the Cl- ions in Figure 6.12c, 
little to no flow of effluent was observed in the lower regions. Consequently, this 
indicates that effluent was not able to penetrate to this level. The soil mineralogy, as 
described in Section 6.9.1 shows that impermeable layers, caused by the swelling of 
smectite clay minerals, may be preventing effluent from infiltrating to this depth. This 
therefore, would suggest that the effluent does not affect pH at the lower soil horizons. 
 
pH can be a critical parameter in assessing a soils’ ability to provide adequate effluent  
renovation. Soils with low pH (<5) tend to deteriorate clay compounds within the soil, 
thereby allowing the release of Al3+ ions into the soils. This causes toxic conditions in 
the soil. Soils with low pH could lead to less microbial activity occurring as a result of 
the release of aluminium compounds which form a toxic medium for micro-organisms. 
However, the excess Al3+ can subsequently provide increases in CEC levels. This is 
particularly important for highly acidic soils, such as the Kurosol soil group. As such, in 
the short term lower soil pH may be beneficial for attenuating and removing pollutants 
due to increased CEC. However, with the concurrent toxicity effect and less 
microbiological activity occurring, the soil system will not be able to adequately 
decompose OM and biological pollutants over long term effluent application. As such, 
it is more beneficial to retain slightly higher pH. 
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  6.9.5 Electrical Conductivity (EC) 
EC profiles for the twelve soil columns are presented in Figure 6.12a – 6.12b. In 
general, the results indicated that EC levels at the A horizon in the original soils were 
initially high, decreasing down through the soil profile such as in Columns 1, 2, 4, 5, 7, 
9, 10 and 12. Higher clay contents within these soil columns are the main reason for the 
high EC. The clay content reduces the soils permeability, thereby providing a lower 
infiltration rate through the soil profile. The reducing infiltration through the soil profile 
causes accumulation of soluble salts, thereby yielding high EC levels in the upper 
fractions of the soil profile. In addition the soil core for Column 12 was collected from 
the bottom of a sloping area. This region often receives stormwater run-off from the 
surrounding catchment, allowing salt particles contained in the run-off to accumulate at 
the bottom of the sloping area, thereby creating an artificial layer as observed in 
Column 12. EC was found to be higher at B1-horizon in Columns 3 and 8. The 
availability of soluble salts in the B1-horizon for Column 3 is attributed to the fact that 
over 90% of soil composition is quartz which allowed soluble salts to percolate through 
due to the larger pore spaces between the sand particles. In Column 8, the soil in the B1-
horizon is unconsolidated which allowed the soluble salts to accumulate due to the 
consolidated B2-horizon, with increased smectite clay content which formed a barrier 
preventing effluent leaching down the soil profile. Columns 6 and 11 showed steady EC 
levels in horizons A and B1, with increases in the B2 horizon. Column 6 is classified as 
a Sodic soil, indicating higher levels of sodium salts. Increasing the salt accumulation 
within this soil may cause dispersion to occur. This is critical in the case of effluent 
application.  
 
In general, effluent application increased the EC level in all the horizons in the soil 
columns. The highest EC value found in the A-horizons was reported in Column 12. 
This is due to the build-up of OM, and the subsequent increases in soil EC due to the 
higher EC content contained in applied effluent.  The highest EC value in the B1-
horizon was reported in Column 11. This soil column was collected from a flat area 
with low OM content. Effluent application increased the OM content which changed the 
soil structure to allow soluble salts to accumulate. Also, the illite and kaolinite clays at 
B2-horizon formed a barrier which prevented salts from leaching down the soil profile.  
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The increase of EC has a negative effect on the soil properties for effluent application, 
both in the short-term as well as in the long-term. In the short-term, an increase in EC in 
the A-horizon will affect the OM content, thereby depressing the uptake of nutrients by 
plants. In the long-term, the accumulation of salts in the soil will increase the possibility 
of salinity problems, especially if there is a high watertable combined with acidic soil 
conditions (Brady and Weil, 2002). The soils investigated through this study, however, 
were not influenced by shallow groundwater conditions, and therefore, this was not 
considered a major issue for the soils investigated. However, salinity issues still need 
consideration in areas where shallow groundwater is an issue. In addition, soils with a 
sodic nature (high ESP such as sodic soils as in Column 6) are at risk of dispersion, 
particularly under effluent application where additional salts are supplied to the soil. 
This will disperse the clay particles, preventing leaching and causing failure of the soil 
dispersal system. 
 
6.9.6 Chloride Ion (Cl-) 
The changes in Cl- concentration in the different soil horizons for the twelve soils are 
shown in Figure 6.12a – 6.12b. Cl- is considered to be the dominant anion in a leached 
soil profile (Shaw et al., 1984). Consequently, changes in Cl- levels within the soil 
profile should reflect changes in EC levels. Sodium and chloride ions usually cause 
most of the salinity problems (Baker and Eldershaw, 1993). The Cl- data for the 12 
columns obtained from the column experiment are presented in Appendix B, Table A. A 
decrease in Cl- concentration was observed for the original soil samples through the soil 
profile for Columns 1, 2, 11. These columns were collected from well drained areas in 
hilly terrain. The decrease is attributed to well structured clayey soils which control the 
movement of Cl- in a uniform manner through the profile. On the other hand, there was 
an increase of Cl- down the soil profile in Columns 3 and 5. This is due to the 
unconsolidated structure and low clay content which allowed Cl- to move freely through 
the soil. Cl- increases when the soil structure becomes more consolidated, due to the 
abrupt change in soil permeability, causing the accumulation of Cl- on top of lower 
permeability layers. In the case of Column 4, the highest Cl- was recorded at B1-horizon 
as a result of smectite clay mineralogy, which formed a barrier preventing the ions from 
leaching through to the B2-horizon. This has significant ramifications in the case of 
effluent application, as it indicates that effluent will not be able to adequately move 
through the soil, causing ponding, and possibly hydraulic failure of the dispersal system. 
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The lowest Cl- concentration in the B1-horizon was in Columns 9 and 10. These 
columns also showed increases at the B2 horizon which indicates that the Cl- are able to 
freely move through the soil profile.  
 
The Cl- concentration decreased in the A-horizons in Columns 1, 2, 3, 4, 7, 9, 10, 11 and 
12 after effluent application. This decrease is due to the well leached permeable A-
horizon evident in these columns. Conversely, Cl- concentration increased in the A-
horizon for Columns 5, 6 and 8. The increased clay content in B1-horizon reduced the 
soil permeability, slowing the movement of Cl- down the soil profile causing 
accumulation in the A horizon. The Cl- concentration at the B1-horizons increased in 
Columns 1, 5 and 9 after effluent application. The soil mineralogy in Column 1 
indicated a layer of smectite clay which prevented Cl- from leaching down through the 
soil.  In Columns 5 and 9 the increase was due to the large amount of amorphous 
material (organic matter) deposited after effluent application which improved the soil 
structure.  
 
The Cl- concentration decreased after effluent application at B2-horizon in Columns 3, 
5, 7, 8, 10, 11 and 12 as these soils have permeable B2-horizons. Cl- increased at the 
B2-horizon in Columns 1, 2, 4, 6 and 9 after effluent application. The increase in 
Columns 1, 2 and 4 is due to the presence of smectite clay which prevented Cl- from 
leaching through the soil profile. In Columns 6 and 9 the increase was as a result of high 
clay content in this layer, reducing the permeability of the soil, and the movement of 
effluent, through the soil profile. The accumulation of Cl- in the B-horizon of these soil 
columns indicates that these soil types are poorly leached, which is related to the soil 
mineralogy as discussed in Section 6.9.1. This is detrimental to the ability of these soils 
for effluent renovation, as the slower infiltration rate will result in increased land 
application area in order to disperse effluent. 
 
6.9.7 Nutrients (PO43- and TN) 
In general, phosphorus (P) exists in soil in a solid form as part of the mineral fractions 
or in soluble form such as orthophosphate. The form most available for uptake by 
plants, and which precipitates out of the effluent forming compounds in the soil is 
reactive phosphate (orthophosphate PO43-). The release and uptake of phosphorus by 
OM can reduce or increase the soil capacity to hold nutrients in the soil. The more 
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reactive phosphorus is, the more suitable a soil is at precipitating and attenuating PO43- 
compounds as effluent passes through the soil. Unfortunately, the orthophosphate form 
is also the most mobile. As such, if a soil has little ability for allowing PO43- to 
precipitate out of the effluent, there will be increased travel of PO43- from the effluent 
application area will result. 
 
The reactive phosphorus levels in the twelve soil columns are plotted in Figure 6.13a – 
6.13b. The highest PO43- value in the A-horizon in the original soil samples was in 
Columns 1, 2, 3, 5, 8 and 11. This is a result of the high OM content which enhanced 
phosphorus uptake mechanisms. PO43- levels decreased down the soil profile with 
decrease in OM. The phosphorus content increased down the soil profile in Columns 6, 
10 and 12 due to an increasing OM content found in these soils. The phosphorus 
concentration was highest at the B1-horizon in Columns 1, 6, 8 and 10 due to the 
increasing clay content through the soil profile which allowed more precipitation of 
PO43- compounds out of the percolating effluent. Overall the highest value was reported 
in Column 10. This is due to stabilised OM and clay content throughout the soil profile.  
 
Effluent application strongly increased phosphorus levels in Columns 1, 3, 4, 6, 7, 9, 10 
and 12 in the A-horizon as a result of the high OM build-up. In general, the resulting 
phosphorus compounds caused by precipitation are not soluble, and will filter out of the 
soil solution (as discussed in Chapter 2). Therefore, phosphorus levels were found to be 
lower at B1 and B2-horizons than in the A-horizon. However in Columns 2, 5, 6, 9 and 
12, effluent application increased phosphorus in the B-horizons as a result of the 
increasing OM content. Phosphorus content increased at the A and B2-horizons in 
Columns 8 and 12, with lower levels observed in the B1-horizon. The mineralogy of 
these three columns indicated that there was illite present in B1-horizons which limited 
the OM build-up in B2-horizon. This decreased phosphorus precipitation within the B2 
Horizon. 
 89
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
TN (mg/kg)
0
100
200
300
400
500
600
700
800
900
0 250 500
PO43- (mg/kg)
0 2 4
Effluent
S
o
i
l
 
C
o
l
u
m
n
 
 
 
 
 
 
 
 
 
 
 
D
e
p
t
h
 
(
m
m
)
mn 4 Colu
TN (mg/kg)
0
100
200
300
400
500
600
700
800
900
0 300 600 900
PO43-(mg/kg)
0 1 2
Effluent
S
o
i
l
 
C
o
l
u
m
n
 
 
 
 
 
 
 
 
 
 
 
D
e
p
t
h
 
(
m
m
)
Column 5 
TN (mg/kg)
0
100
200
300
400
500
600
700
800
900
0 100 200 300
PO43-(mg/kg)
0 2 4
Effluent
S
o
i
l
 
C
o
l
u
m
n
 
 
 
 
 
 
 
 
 
 
 
D
e
p
t
h
 
(
m
m
)
Column 6 
TN (mg/kg)
0
100
200
300
400
500
600
700
800
900
0 100 200 300
PO43- (mg/kg)
0 5 10
Effluent
mn 1 
S
o
i
l
 
C
o
l
u
m
n
 
 
 
 
 
 
 
 
 
 
 
D
e
p
t
h
 
(
m
m
)
Colu
TN (mg/kg)
0
100
200
300
400
500
600
700
800
900
0 100 200 300
PO43-(mg/kg)
0 1 2 3 4 5
TN (mg/kg)
0
100
200
300
400
500
600
700
800
900
0 100 200 300
PO43- (mg/kg)
0 5 10 15
Effluent
S
o
i
l
 
C
o
l
u
m
n
 
 
 
 
 
 
 
 
 
 
 
D
e
p
t
h
 
(
m
m
)
Column 2 
Effluent
Figure 6.13a: Profiles showing changes in TN and POB4PB P prior to and after effluent application for Columns 1 to 6. Legend:           Before Effluent 
application;         After effluent application 
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Figure 6.13b: Profiles showing changes in TN and PO43- prior to and after effluent application for Columns 7 to 12. Legend:           Before Effluent 
application;         After effluent application 
In general, most soils have a limit to the amount of phosphorus they can attenuate. 
However, this can vary between soils, and is difficult to determine. As such it is 
necessary to evaluate the level of phosphorus in soils prior to deciding on a site for 
installing an application area. High levels of phosphorus may indicate that the amount 
of phosphorus uptake is limited, and the suitably of the soil to be used for effluent 
application may be reduced. Application of effluent may increase the amount of 
phosphate in the soil, exceeding the soils ability to retain phosphorus, causing leaching 
of phosphate ions. Consequently, high levels of phosphate are considered unsatisfactory 
for effluent application. 
 
The changes in nitrogen level in the soil horizons of the twelve soil columns are plotted 
in Figure 6.13a – 6.13b. Nitrogen was measured as total nitrogen (TN). Most TN is 
available within the OM fraction. The change of organic nitrogen to mineral nitrogen 
(nitrate and ammonium) available for plant uptake is dependent on the level of 
microbial activity in soil (Baker and Eldershaw, 1993). In general, most of the soil 
nitrogen is in a form of organic nitrogen as a result of the nitrogen fixation by soil 
micro-organisms (Rowell, 1994). Physico-chemical analysis of the original samples 
showed that nitrogen concentrations were highest at the A-horizon in Columns 2, 6, 9 
and 10 due to the higher OM content in the A horizon. In Columns 1, 3, 4, 5, 7, 11 and 
12 the highest nitrogen level was at the B1–horizon. In the case of Columns 1, 2, 4 and 
12, an OM content of over 5% facilitated nitrogen uptake. Evaluation of the soil 
mineralogy indicated that the B1-horizon in Columns 3, 5, 7 and 11 has over 75% 
quartz containing less acidic conditions (pH range from 5.4 to 6.2) than the other soil 
columns. This pH range allows optimum conditions for conversion of the organic 
nitrogen to mineral nitrogen (ammonium and nitrate). Columns 4, 5, 7, 11 and 12 
reported high OM in the B1-horizon, and therefore also showed the highest level of TN 
within this horizon. These soils were collected from forest areas where deep plant roots 
occurred. Consequently, this caused higher OM and therefore higher TN. In general, the 
nitrogen level at the B2-horizon is lower than the levels at the A and B1-horizons as a 
result of lower OM content in this layer. The highest nitrogen concentration observed at 
the B2-horizon was in Column 8.  
 
Effluent application increased the nitrogen concentration in the soil horizons. Nitrogen 
increased down the soil profile in Columns 1, 3, 6, 7, 9 and 11 as a result of OM build-
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up. TN increased at the B1-horizon in Columns 5, 8 and 12. The soils have various 
capacities to hold nutrients based on their OM and clay type. Some soils have the 
capacity to nitrify or uptake the nitrogen at A-horizon due to the OM content. The high 
OM content increases the surface area available for nitrogen uptake such as in Columns 
1, 2, 4, 5, 6, 7, 8, 9 and 12. Also, the high quartz content available in the A-horizon will 
provide a oxygen source, providing suitable conditions for the nitrification process. 
Some soils have a higher capacity to hold nutrients in the lower part (at B2-horizon) due 
to the barrier formed in this layer which consists of smectite fractions such as in 
Columns 1, 2 and 4.  
 
6.9.8 Exchangeable Cations (Al3+, Fe2+, Mg2+, Na+, Ca2+ and K+) 
The exchangeable cation analysis is plotted in Figures 6.14a – 6.14d. Investigating the 
relationships between the exchangeable cations will enhance the understanding and the 
behaviour of the soil before and after effluent application. Analysis indicated that the 
dominant cations in the A-horizon before effluent application were Mg2+ and Ca2+. K+ 
in the A-horizon was found to contribute around 1% of CEC. The original sources of K+ 
are primarily from minerals such as illite and feldspar (Mclean, 1978). Na+ availability 
in the A-horizon was generally low, indicating that the soil surface was non-sodic and 
non-dispersive based on the rating system developed by Northcote and Skene (1972). 
Al3+ availability was strongly associated with the acidity of the soil. Low concentrations 
were reported in the A-horizons before effluent application due to less acidic soil 
conditions as indicated by the soil pH (Fig 6.12a-6.12c).  
 
The individual exchangeable cations measured in the B-horizons before effluent 
application showed differing Ca2+ concentrations between soils, with concentrations 
decreasing down the soil column. This is attributed to high Mg2+ concentrations. An 
excess of one cation may inhibit the uptake of another (Baker and Eldershaw, 1993). 
Mg2+ concentrations generally increased in the B1 and B2-horizons as a result of cations 
carried by effluent leaching down the soil profile. In the case of Na+, concentrations 
were found to increase in the B1 and B2-horizons in most soils. This is a result of 
increasing soluble salts within the soil profile. Lower K+ concentrations were observed 
in the B1 and B2-horizons. However, an increase of Al3+ in the A-horizon and B2-
horizon when the pH dropped below 5 was evident. 
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Figure 6.14a: Profiles showing changes in individual cations prior to and after effluent application for 
Columns 1 to 3. Legend:           Before Effluent application;         After effluent application 
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Figure 6.14b: Profiles showing changes in individual cations prior to and after effluent application for 
Columns 4 to 6. Legend:           Before Effluent application;         After effluent application 
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Figure 6.14c: Profiles showing changes in individual cations prior to and after effluent application for 
Columns 7 to 9. Legend:           Before Effluent application;         After effluent application  
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Figure 6.14d: Profiles showing changes in individual cations prior to and after effluent application for 
Columns 10 to 12. Legend:           Before Effluent application;         After effluent application 
 96
 97
Effluent application affected the soil adversely in some cases and sometimes 
advantageously. Firstly, it reduced the acidity of the soil at the different soil horizons, as 
indicated by the soil pH. Secondly, the drop in Mg2+ associated with improved Ca2+ 
availability was a positive indication towards balancing the ratio between Mg2+ and 
Ca2+. Effluent application generally increased Na+ levels in the A-horizon, with 
decreasing levels observed in the B1-horizon and B2-horizon. In some cases (Columns 
1, 7 and 11), Na+ decreased in the B1 horizon, and then increased in the B2 horizon. 
Continuous application of effluent to soil can result in increasing levels of Na+, leading 
to dispersion of soil or the precipitation of a pale coloured compound on the soil 
surface. Additionally, the soil will retain a low aggregate stability and the infiltration 
rate will be reduced (USDA, 2001). Mg2+ concentrations were found to be higher in the 
B2-horizons of some columns, especially in Columns 1 and 4, due to the presence of 
smectite which forms a barrier preventing the cations from leaching further down. Na+ 
was also found to have increased by a noticeable amount at the B-horizons in Columns 
1 and 4.  
 
The exchangeable cations distribution for Columns 5, 6, 7 and 8 is shown in Figure 
6.14b and 6.14c. Mg2+ was dominant in these four columns and especially Column 8 
due to the unconsolidated structure at B1-horizon. Also, the Na+ content was higher in 
Column 6, especially at B2-horizon. This is typical for sodic soils such as Column 6. 
Figure 6.14c-d shows the exchangeable cations for Columns 9, 10, 11 and 12. Mg2+ was 
dominant in these four columns especially Column 12. Na+ concentration was highest in 
Column 11 especially at B2-horizon. In general, the other three columns have low 
exchangeable cations except in the B2-horizon.  
 
6.9.9 Ca:Mg Ratio and Exchangeable Sodium Percentage (ESP) 
Ca:Mg ratios are plotted in Figures 6.15a– 6.15c. The Ca:Mg ratio is used to evaluate 
the cation imbalance in the soil especially if the dominant cation in the subsurface layer 
is Mg2+, which was the case in most columns. Availability of essential nutrients is 
influenced by the soil pH. Ca2+ deficiency occurs when the soil pH is less than 5.0. 
Also, Mg2+ concentration is determined largely by increasing soil pH. Therefore, 
assessing the Ca:Mg ratio can provide an indication of the cation distribution status of 
the investigated soils. 
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Figure 6.15a: Profiles showing changes in Ca:Mg Ratio and ESP prior to and after effluent application for Columns 1 to 6. Legend:           Before 
Effluent application;         After effluent application 
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Figure 6.15b: Profiles showing changes in Ca:Mg Ratio and ESP prior to and after effluent application for Columns 7 to 12. Legend:           Before 
Effluent application;         After effluent application 
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The Ca:Mg ratio typically decreased with depth to reach the lowest value in the B2-
horizon. This decrease can be attributed to changes within the cations in the soil as a 
result of increasing Mg2+ concentrations in the lower soil horizons. Effluent application 
changed the Ca:Mg ratio due to the leaching of Mg2+ cations from the A-horizon down 
into the lower B-horizons. The ratio of Ca:Mg improved at the B1-horizon, with similar 
Ca:Mg ratios at the B2-horizon.  
 
ESP is a useful parameter to identify the degree to which the exchange complex is 
saturated with sodium (Barzegar et al., 1996). The exchangeable Na+ cation acts as a 
mechanism for weakening the aggregate bonds between soil particles leading to soil 
dispersion. Soil dispersion is mostly associated with swelling clays such as smectite. 
The changes in ESP for the twelve soils are shown in Figures 6.15a – 6.15c. ESP at the 
A-horizon before effluent application indicated that the levels were non-sodic in all 
columns except for Column 6 which was strongly sodic (>15%). The strong sodicity in 
Column 6 is due to the low Ca2+ and high Mg2+ and Na+ cations. Effluent application 
slightly increased the ESP in all columns due to the increase of Na+ content from the 
added soluble salts contained in the applied effluent. The increase of ESP in the A-
horizon stayed within the non-sodic range (<6%) except in Columns 1 and 6. Column 1 
became sodic (6-15%) due to the increase of Na+ concentration in the soil and an 
associated drop in Ca2+ concentration. ESP in Column 6 changed from strongly sodic (> 
15%) to sodic (6-15%) as a result of the high clay content which accumulated Mg2+ in 
this layer.  
 
The ESP at B1-horizon in the original soil samples was non-sodic in Columns 6 and 8. 
In the case of Column 6, there is high clay content which prevented the free chloride 
ions from leaching down the soil profile. These ions were available to combine with 
Na+ to create a sodic condition at B1-horizon. Column 8 reported a strongly sodic 
condition due to the high Na+ concentration as a result of the increasing clay content. 
Effluent application increased the ESP at the B1-horizon in all columns as a result of 
increase of soluble salts except in Column 8. The ESP in Column 8 decreased due to the 
drop in the Na+ concentration in this horizon, due to leaching of Na+ to a lower soil 
depth.  
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ESP at the B2-horizon in the original soil samples was in the non-sodic range except for 
Columns 6 (sodic) and 8 (strongly sodic) due to the high clay content and the increasing 
Mg2+ concentration. Effluent application did not significantly affect the ESP in the 
columns except in Columns 6 and 8. The high clay content in Columns 6 and 8 provided 
a higher exchange capacity which controlled the free ions in the soil. In the case of 
Columns 6 and 8, there was a large drop in the amount of Na+ concentration in the soil 
due to the leaching. Soils that fall within the sodic range or indicate that they will 
become sodic with effluent application are not suitable for long term effluent 
application. Consequently, the assessment of ESP indicated that Columns 6 and 8 will 
not be suitable for long term effluent application. 
 
6.10 Effluent Analysis 
Information regarding column feeding, including the amount of effluent applied, 
collection time of effluent samples and the amount effluent collected over the duration 
of effluent application to the 12 soil columns is presented in Appendix B, Tables D and 
E. Calculated effluent percolation rates through the soil cores is provided in Appendix 
B, Table F. Detailed discussion of the results of effluent application and the respective 
effluent renovation capabilities of each of the 12 columns is discussed in the following 
sections. 
 
6.10.1 Column 1 (Yellow Kurosol) 
Kurosol soils, as determined through the evaluations undertaken, are expected to 
provide a moderate ability for renovating applied effluent. The general physico-
chemical properties of Kurosol soils and the assessment using multivariate techniques, 
indicate that these particular soils should be capable of attenuating and removing 
effluent pollutants. However, assessment of the collected soil samples’ mineralogy 
indicated potential issues associated with appropriate percolation rate may be a 
controlling factor towards the overall ability of Kurosol soils.  
 
Effluent application over a period of 8 months improved soil acidity by increasing the 
pH, particularly in the A and B1 soil horizons as shown in Figure 6.12a. This in turn 
reduced the concentration of Al3+ and the toxicity present in the soil. Therefore, 
increased microbial activity is possible, providing more suitable conditions for nutrient 
reduction. TN concentrations were reduced (organic nitrogen oxidised to inorganic 
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forms nitrate or nitrite) to 55% and 79% of the concentrations applied in the raw 
effluent after passing through the soil column at the first (150 mm of soil depth) and 
second (415mm of soil depth) sampling points respectively. Graphs showing pollutant 
removal rates are plotted against time for the first and second sampling points in Figure 
6.16(A and B). Effluent samples were not collected from the lower sampling points of 
the column. At the completion of the experiment, effluent had only infiltrated through 
the soil core up to the second sampling point, indicating a lower permeability existed in 
the B2-horizon. The lower percentage of TN reduction shown in the A horizon can be 
attributed to poor nitrogen fixation as a result of insufficient microbial activity 
necessary for the nitrification process. This in part is also related to an insufficient OM 
fraction necessary for the nitrification process, as indicated in Figure 6.12a. Although 
the ability to reduce TN increased down through the soil profile, overall TN reduction 
was still low.  
 
The ability to remove reactive phosphorus achieved 92% at the first sampling point, 
increasing down the soil profile. A 98% removal rate was achieved by the time effluent 
had percolated to the second sampling point. Reactive phosphorus generally precipitates 
out of the effluent within the first few centimetres of soil below the effluent application 
interface. This is shown with a significant reduction (93%) within the first 100mm of 
soil below the effluent application point. Phosphorus precipitation and adsorption 
continued with little phosphorus leaching through the soil profile. The high phosphorus 
removal is attributed to the initial low level present in the soil, as well as increasing OM 
content, thereby allowing increased phosphorus precipitation.  
 
The reduction of EC in the collected effluent samples from the upper sampling point 
was 48%, reaching a maximum observed reduction of 64% at the second sampling 
point. Further reduction may be possible, however, the reduced percolation rate 
prevented further analysis of effluent samples. Salt accumulation may be a problem for 
the soil’s ability to treat effluent, particularly where excessive accumulation occurs. The 
increase of soil sodium will affect the exchangeable soil complex by causing the clay to 
disperse, which will effectively prevent any further infiltration of effluent through the 
soil profile. However, this depends on the soil ESP and the level of sodium salts 
contained in the effluent. For Column 1, the ESP value both before and after effluent 
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application was low (see Figure 6.16a), indicating that soil dispersion should not be a 
significant problem. 
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Figure 6.16: Pollutant removal in Column 1 at first sample point (A), and second 
sample point (B) 
 
TCOD provides an indication of the oxygen demand required by soil OM to undergo 
oxidation by chemical oxidents. The removal of TCOD at the upper sampling point 
achieved 71%, reaching 81% by the second sampling point. Most of the TCOD was 
consumed by the microbial activity in the biological mat which formed on the soil 
surface. The leaching of TCOD to the lower depths was in a form of dissolved chemical 
oxygen demand (DCOD). The leached DCOD was mostly consumed by microbial 
activity of the denitrifying bacteria where suitable conditions for denitrification exist 
lower down in the soil profile. The soil removed most of the TCOD and continued to 
increase in pH with an increase in microbial activity.  
 
Table 6.3 summarises the results of the soil column experiment for Column 1. Yellow 
Kurosol soils have a strong texture between the different horizons with strongly acid B-
horizons. Also these soils have chemical features such as high Mg2+, Na+ and Al3+. 
Effluent application improved alkalinity of the soil and affected the chemical 
characteristics adversely in some cases and positively in others. The physico-chemical 
characteristics indicated that the Yellow Kurosol has a high capability to remove 
effluent pollutants. This was further clarified by assessment of effluent application to 
the soil column, which showed that high removal rates of phosphorus and TCOD were 
achieved, with a moderate capacity to remove TN and soluble salts. The mineralogy 
combined with the collected data relating to effluent travel through the soil core showed 
that this soil has a low percolation rate. Although beneficial for attenuating and 
removing pollutants, low permeability soils may be at risk of hydraulic overloading if 
used for effluent dispersal systems. This needs to be suitably assessed in the design 
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stage. Therefore, the results of the Yellow Kurosol soil column assessment indicated 
that a moderate capacity to renovate effluent was achievable, provided appropriate 
consideration is given in on-site treatment system design.  
Table 6.3: Summary of findings for the Yellow Kurosol soil (Column 1) 
Before Effluent 
Application 
After Effluent 
Application 
Effluent Treatment 
Capacity 
• Acidic soil. 
• High OM in A-horizon 
and lower in B-
horizons. 
• Dominant clay was 
kaolinite along with 
smectite present. 
• CEC was in the range 
15-60meq/100g. 
• Individual cations 
analysis indicated a 
balanced ratio between 
Ca2+ and Mg2+ 1:1. 
 
• Slight improvement in 
acidic conditions. 
• OM increased in the 
subsurface layers. 
• Less smectite present as 
a result of swell/shrink 
mechanisms. 
• Increase of pH improved 
the soil CEC. 
• Increase in soluble salts 
content (EC).  
• Soil has slow 
permeability (based on 
percolation rate given in 
Table F, Appendix B). 
• Moderate nutrient 
adsorption capacity. 
• Increased Mg2+ at the 
subsurface layers and 
decreased Ca2+.  
• Gradual increase in the 
ESP. 
Yellow Kurosol soil has a 
moderate ability to treat 
effluent based on the following: 
• Moderate level of pollutant 
removal from effluent 
(especially PO43-). 
• Moderate CEC and soil 
mineralogy. 
 
However: 
• soil retains a slow 
permeability, which 
requires special design 
considerations. 
• change in cation 
distribution and increase of 
ESP can cause long term 
concerns with soil sodicity 
and effluent dispersal 
• accumulation of soluble 
salts (increase in EC) may 
lead to salinity issues over 
long term application.  
 
 
6.10.2  Column 2 (Red Ferrosol) 
Assessment of collected physico-chemical data from the Logan region indicated that 
Ferrosol soils are suitable for attenuating and removing effluent pollutants. However, as 
found for Column 1, issues relating to suitable permeability rates may pose restrictions 
for Ferrosol soils in providing suitable conditions for dispersing effluent. Data relating 
to the soil performance of Column 2 under effluent application is presented in Appendix 
B. Results showing the percentage removal of PO43-, TN, EC and TCOD are provided in 
Figure 6.17 (A and B) for effluent collected at the first and second sampling points. 
Effluent samples were not available for collection from the other sampling points due to 
insufficient percolation rate restricting flow to the third sampling point (810mm soil 
depth). A summary of the results found through the experiment, and the ability for 
Ferrosol soils to provide adequate effluent renovation is provided in Table 6.4. 
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Figure 6.17: Pollutant removal in Column 2 at first sample point (A), and second 
sample point (B) 
 
The results obtained showed that phosphorus removal continued to increase through the 
soil profile, with 97% removal achieved by the first sampling point after passing 
through a depth of 150mm of soil. This removal rate (97%) continued for 321 days. The 
reduction of TN reached a maximum of 90% over the duration of effluent application. 
EC reduction achieved at the first sampling point was initially low (<10%). However, 
this improved as the effluent percolated through the soil. This poor EC reduction is 
attributed to the unbalanced exchangeable cations in the A-horizon. TCOD removal 
rates were found to be greater than 80%, reaching a maximum of 98.4% at the first 
sampling point. However, this removal rate decreased significantly by the time it had 
reached the second sampling location. This lower reduction in TCOD is related to the 
high removal rates for TN within the top soil layer, with little further reduction 
occurring as the effluent percolated deeper into the soil column. Overall, the Ferrosol 
soil provides a good capacity to renovate effluent through the soil profile, although a 
lower capacity to hold soluble salts within the A and B1-horizons was evident, with 
accumulation of salts observed to occur at the top of the B2 horizon. Effluent ponding 
was observed within a few days after feeding commenced. This is significant as this will 
be a controlling factor in the dispersal of applied effluent.  
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Table 6.4: Summary of findings for the Red Ferrosol soil (Column 2) 
Before Effluent 
Application 
After Effluent 
Application 
Effluent Treatment 
Capacity 
• Acidic soil. 
• High OM in A-horizon 
and lower at B-
horizons. 
• Soil is clayey with 
kaolinite and illite and 
a high content of 
smectite at B2-horizon. 
• CEC was in the range 
45-60meq/100g. 
• Individual cations 
analysis indicated that 
Ca2+ is the dominant 
cation with less Mg2+. 
• Ca:Mg ratio 1.44:1. 
• Soil is non-saline. 
• Acidity increased. 
• OM increased in the 
subsurface layers. 
• Less illite due to K+ 
release. 
• CEC almost the same. 
• High salts content at B2-
horizon due to the barrier 
formed by smectite.  
• Soil has slow 
permeability.  
• High nutrient adsorption 
capacity. 
• Ca2+ increased at the 
subsurface layers.  
• Increase of Ca:Mg ratio  
• Slight increase in the 
ESP values in the soil; 
but low chances for 
salinity to occur. 
Hydrosol soil has a high 
ability to treat effluent based 
on the following: 
• high level of pollutants 
removed from effluent  
• high CEC, developed 
through suitable clay 
content and mineralogy. 
• increase in cation balance. 
 
However : 
• soil has low permeability, 
therefore requiring special 
design considerations to 
help the soil to transmit 
effluent.  
 
 
6.10.3 Column 3 (Aquaic Podosol) 
Based on the analysis of the physico-chemical data obtained from soil sampling, 
Podosol soils indicated very low pollutant attenuation and removal processes. Podosol 
soils are sandy by nature, resulting in very high permeability rates. Although 
exceptional at dispersing effluent through the soil profile, sandy soils generally lack any 
ability to provide sufficient adsorption processes. As such, it was expected that the 
Podosol soil group would not be suitable for long term effluent application.   
 
The Podosol soil in Column 3 was highly permeable because of its high quartz content. 
The applied effluent was first collected from the fourth sampling point (on the bottom 
of the soil column) almost immediately after effluent application (Appendix B). Within 
the first ten days of application, a reduction of 65% of TN was observed (Figure 6.18 A-
D). This was notably the most significant reduction in the effluent pollutants monitored. 
Due to the large pore spaces between the sand particles, the soil core retained aerobic 
conditions, suitable for nitrification to occur.  
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Figure 6.18: Pollutant removal in Column 3 at forth sample point (A), third sample 
point (B), second sample point (C) and first sample point (D) 
 
However, the ability of the Podosol to attenuate phosphorus and soluble salts was 
minor, with little reduction in TCOD. After 10 days (Figure 6.18D) the bottom 
discharging point was closed in order to allow effluent to be sampled from the third 
sampling point, at 760mm soil depth. As shown in Figure 6.18D, better removal rates 
were obtained, except for EC, which still showed little removal from concentrations 
found in the applied effluent. In fact, it was found that EC levels actually increased as 
more effluent was applied. The third sampling point was closed (Figure 6.18C) after 13 
days in order to allow samples to be collected from the second sampling point. The 
same pollutant removal rates were found as for the third sampling point, with 
phosphorus now increasing with the addition of effluent. Finally, after an additional two 
days the second sampling point was closed (Figure 6.18B) in order to collect samples 
from the upper sampling point. This reverse sampling situation changed the 
experimental plan of effluent application to Column 3 and as such it was decided to stop 
any further effluent application. Due to the rapid effluent percolation, it is fair to say 
that the sampling points were saturated within a short period of time. Due to this rapid 
saturation process, this particular soil would not be suitable for effluent renovation, in 
particular in areas that have a shallow watertable, as is often the case in coastal areas, or 
in developments surrounding major rivers.  
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The results obtained were expected because of the soil mineralogy as previously 
discussed Section 6.9.1. There was some TCOD removal in the first 10 days of the 
experiment, with pollutant removal stabilising to a minimum at the upper sampling 
points. The small amount of OM adsorbed some PO43- and TN in the first 10 days, 
although concentrations in the effluent samples then started to increase. In the case of 
phosphorus, this was related to the minor release of phosphorus from the OM, and the 
drop in pH values observed at the B2-horizon. This made it difficult for the soil organic 
matter to absorb phosphorus. Hence, this soil is regarded as having very poor effluent 
renovation ability. The outcomes from the column experiment are summarised in Table 
6.5. 
 
Table 6.5: Summary of findings for the Podosol soil (Column 3) 
Before Effluent 
Application 
After Effluent 
Application 
Effluent Treatment 
Capacity 
• Acidic soil. 
• Low OM in A- and B-
horizons. 
• Mineralogy indicated 
that the soil is sandy. 
• The CEC was in the 
range 8-15 meq/100g. 
• Low individual cations 
• Balanced ratio between 
Ca2+ and Mg2+ 1:1. 
• Indication of ESP 
increasing in the future.  
• More acidic soil.  
• OM increased in the 
subsurface layers. 
• Sandy with organic 
matter layer at B2-
horizon. 
• Decrease of pH 
decreased the soil 
CEC. 
• Low EC due to the 
poor effluent holding 
capacity. 
• Soil does not have the 
capacity to hold 
nutrients. 
• Soil has high 
permeability.  
• High nutrient release 
due to the increase in 
acidity level. 
• Decrease in Mg2+ and 
Ca2+at the surface 
layers.  
• Increase in ESP in the 
soil. 
Podosol soil has low ability 
to treat effluent based on 
the following: 
• low level of effluent 
pollutants removal.  
• low CEC and sandy soil 
mineralogy. 
• very high permeability. 
 
Additionally: 
• changes in cation 
distribution occurred due 
to increasing ESP 
• soil has low capacity to 
hold soluble salts.  
• high level of nutrient 
release from organic 
layer identified in lower 
the subsurface soil. 
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6.10.4 Column 4 (Brown Kurosol) 
The expected ability of Kurosol soils in general for providing effluent renovation and 
dispersal were discussed in Section 6.10.1. Therefore, the results of this column will 
provide further clarification to the outcomes found for Column 1. The Kurosol soil 
group is stated as being capable of providing suitable effluent renovation, although its 
ability is limited depending on the soil permeability. Column 4 showed similar 
characteristics and similar effluent pollutant removal rates to that for Column 1. 
However, the major difference was related to the time required to reach the removal 
rates as shown in Figure 6.19. This was a direct result of the soil mineralogy (having 
increasing smectite content down the soil profile), which impeded effluent percolation.  
 
The number of collected samples was limited, which was a clear indication of the soil’s 
slow permeability (Appendix B). The results for PO43-, TN, TCOD and EC reduction 
are plotted against time in Figure 6.19 for the first sampling point, with effluent passing 
through 80mm of soil. The second sampling point (380mm of soil depth) provided only 
one sample over the length of the experiment due to the slow permeability of the soil. 
No samples were collected from the lower sampling points. 
 
0
20
40
60
80
100
0 2 6 43 75 82 250 334
Days 
R
em
ov
al
 (%
)
Nitrogen
Phos.
EC
TCOD
 
Figure 6.19Pollutant removal in Column 4 
 
TN removal reached 90% at the first sampling point and increased to 99% by the time 
effluent had infiltrated to the second sampling point. The phosphorus removal started 
slowly due to the original accumulation in the soil before effluent application, although 
phosphorus attenuation began to increase to average 70% at the first sampling point and 
99% at the second sampling point. For EC, the soil provided a low reduction within the 
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A-horizon. The mineralogical analysis showed that most of this layer was quartz and 
kaolinite as discussed in Section 6.9.1. The effluent percolated to the lower horizon 
where the soil composition contained smectite which formed a barrier as discussed in 
Section 6.9.1. This caused accumulation of soluble salts to occur rapidly, with almost all 
EC removed from the percolating effluent at this depth of soil. Effluent ponding started 
to occur after three days of effluent application. This resulted from the swelling of the 
smectite clay minerals as effluent infiltrated the soil core, reducing the soil permeability. 
The main problem for Column 4 was the subsequent increase in soil ESP. This can have 
detrimental impacts for effluent dispersal, causing dispersion of the clay minerals and 
resulting in failure of the application area. However, the ESP did not increase enough to 
fall within the highly dispersive range, but additional monitoring would be required for 
systems installed in soil with similar properties to this Kurosol.  
 
Table 6.6: Summary of findings for the Brown Kurosol soil (Column 4) 
Before Effluent 
Application 
After Effluent Application Effluent Treatment 
Capacity 
• Acidic soil. 
• High OM in A-, 
B2-horizons and 
low at B1-
horizon. 
• Soil has a high 
quartz content at 
A and B1-
horizons together 
with kaolinite. 
• CEC was in the 
range 24-
60meq/100g. 
• Balanced ratio 
between Ca and 
Mg 1:1.  
• Cation imbalance 
at B-horizons due 
to the increase of 
ESP. 
 
• pH over 6 at A- and B1-
horizons and acidic soil at 
B2-horizon. 
• OM increased at A- and 
B1-horizons. 
• Smectite swelling occurred. 
• Increase of CEC especially 
at B2-horizon. 
• Increase of pH improved 
biological activity in the 
soil. 
• High salts content in the 
subsurface area.  
• Soil has high capacity to 
adsorb nitrogen with less 
ability for phosphorus. 
• Soil has slow permeability.  
• High exchangeable cations 
in the soil. 
• Mg2+ increased at the 
subsurface layers and 
decrease of Ca2+. 
• Reduced soil fertility. 
• Gradual increase in ESP. 
Brown Kurosol soil has a 
Moderate ability to treat 
effluent based on the 
following: 
• high level of pollutants 
removal from effluent.  
• high CEC level and soil 
mineralogy. 
• soluble salts 
accumulation. 
 
However: 
• slow permeability 
requires special design 
considerations to help 
the soil to transmit 
effluent. 
• change in cation 
distribution and the 
increase of ESP can lead 
to soil sodicity in the 
long-term which also 
requires special design 
considerations. 
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In summary, based on the physico-chemical parameters, this soil will be suitable for 
effluent treatment provided larger application areas are available to ensure sufficient 
area is available for adequate dispersal. The possibility of sodicity is very low in the 
short term, but over long term effluent application, this could be a potential problem. 
The soil has a slow permeability level and special consideration should be given to the 
design of the effluent dispersal area. Table 6.6 summarises the outcomes and denotes 
the effluent treatment capabilities for this Kurosol.  
 
6.10.5 Column 5 (Red Chromosol) 
Chromosol soils are classified on the basis of abrupt changes in clay content (>20%) 
down through the soil horizons, notably the A and B horizons. Conbsequently, if soils 
retain high clay fractions, dispersal of effluent will be difficult to achieve. For the Red 
Chromosol soil in Column 5, effluent samples were collected primarily from the first 
sampling point, after passing through 100mm of soil from the effluent application area 
(Appendix B). However, as indicated by the soil classification and earlier assessment of 
soil mineralogy, only one sample was collected from the second sampling point 
(405mm of soil depth) (Appendix B). This is directly related to the increasing clay 
content in the soil profiles, as depicted in Figure 6.20. Hence, Chromosol soils will need 
much larger dispersal areas to achieve the necessary dispersal rates.  
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Figure 6.20: Pollutant removal in Column 5 
 
TN reduction in the column for the first sampling point reached a maximum of 68%. 
The main reason for the low nitrification rate is due to the ponding of effluent attributed 
to decreasing permeability. This caused anaerobic conditions to prevail, and 
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consequently lower nitrification rates. Phosphorus removal was also significantly lower 
(47%) than that achieved by other columns. The lower phosphorus removal was due to 
the low organic matter in the upper soil layer and the mineralogy of the column as 
discussed in Section 6.9.1. Figure 6.21 shows the removal rates for TN, PO43-, TCOD 
and EC reduction obtained for effluent samples collected at the first sampling point. The 
results show that there was an initial high removal rate, particularly for TN, TCOD and 
EC within the first three days. Removal rates then declined before increasing to a 
consistent level after 218 days of effluent application.  
 
Table 6.7: Summary of findings for the Red Chromosol Soil (Column 5) 
Before Effluent 
Application 
After Effluent Application Effluent Treatment 
Capacity 
• Low OM in A- 
and B2-horizons. 
• Sandy clay soil 
with increasing 
clay content in A- 
and B1-horizons. 
• CEC was in the 
range 10-
18meq/100g. 
• Almost balanced 
ratio between Ca 
and Mg; 1:1. 
 
• OM increased in all the layers. 
• Decrease of pH,  decreased 
slightly the soil CEC at A-
horizon. 
• High salts content in all the soil 
layers 
• Soil has a low capacity to 
adsorb nutrients. 
• Soil has slow permeability.  
• Effluent application increased 
Mg2+ at the subsurface layers 
and decreased Ca2+.  
• There was a gradual increase in 
the ESP values. 
Red Chromosol soil has a 
low ability to treat effluent 
based on the following: 
• low level of pollutants 
removal from effluent. 
• low CEC and sandy 
mineralogy. 
• has slow permeability 
which requires special 
design considerations. 
 
Additionally:  
• Ca:Mg ratio decreased. 
• an increase of ESP can 
result in soil sodicity over 
long term effluent 
application. 
• accumulation of soluble 
salts occurred throughout 
the soil. 
 
 
Therefore, based on the assessment of the physico-chemical characteristics and the 
effluent application to Red Chromosol soil, this particular soil is reported as having a 
low capacity to treat or transmit effluent. This is due to the slow permeability as a result 
of increasing clay content. Additionally, the soil retained low CEC and OM content 
which did not substantially increase even after effluent application. The soil also was 
reported to have a high sodicity due to increasing salt content within the upper soil 
horizons due to the slow permeability. A summary of the results of effluent application 
to Column 5 is presented in Table 6.7.  
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6.10.6 Column 6 (Brown Sodosol) 
Sodic soils are a prime concern, particularly for their use in dispersing effluent. Due to 
the higher levels of soluble salts contained in effluent, application can be detrimental 
towards the long term acceptance for soils which are classified as sodic. This is because 
the additional salt content contained in effluent will increase soil salt content, leading to 
dispersion of clay particles. This will in turn prevent infiltration into the soil. Sodic soils 
are more prone to this due to their existing high ESP. However, for the Sodosol soil in 
Column 6, effluent application benefited the soil conditions.  ESP was initially high 
before effluent application due to the imbalance in the cations concentration in the soil 
horizons. Effluent application increased the Mg2+ accumulation through the soil profile 
which inhibited the increase of Na+ in the B2-horizon. The increase of Mg2+ and the 
decrease of Na+ affected the soil ESP positively. As a result, the soil changed from 
strongly-sodic to non-sodic at the B2-horizon. However, sodic soil should be monitored 
over the long term to ensure they do not become more sodic with effluent application. 
 
Over the duration of the experiment, effluent samples were primarily collected from the 
first effluent sampling point (130mm below the soil surface) with only one sample 
being collected from the second (430mm soil depth) and third (800mm soil depth)  
sampling points (Appendix B). The reduction and removal of monitored effluent 
parameters, TN, PO43-, TCOD and EC are presented in the pollutant removal curves 
shown in Figure 6.21. Removal of EC and PO43- initially increased steadily over the 
duration of the experiment, reaching a maximum removal rate of 99% EC and 75% 
PO43- respectively. The removal rates were found to be directly influenced by soil 
permeability and depth of infiltration into the soil core. Similarly, 82% reduction of TN 
was achieved, with 90% removal of TCOD.  
 
Overall, effluent application indicated that the removal of pollutants by sodic soil was 
low in the upper sampling point, but steadily increased down the profile as a result of 
lower CEC level. Additionally, this soil has an extremely acidic profile which can have 
an adverse impact on the biological activity necessary for pollutant removal as 
discussed in Section 6.10.4. The Ca:Mg ratio indicated that this soil retained a cation 
imbalance both before and after effluent application due to an imbalance between 
Ca2+and Mg2+. In the context of effluent application, this Sodosol is classified as having 
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a moderate capacity to treat effluent, due to the slow permeability and pollutant removal 
rates obtained. Table 6.8 summarises the findings for this soil column. 
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Figure 6.21: Pollutant removal in Column 6 
 
Table 6.8: Summary of findings for the Brown Sodosol Soil (Column 6) 
Before Effluent 
Application 
After Effluent 
Application 
Effluent Treatment 
Capacity 
• Low OM in A- and B-
horizons. 
• Sandy soil and low 
kaolinite at B2-horizon. 
• CEC was between 2-13 
meq/100g. 
• Low individual 
exchangeable cations.  
• High ESP (sodic). 
• OM increased in the A 
and B1-horizons.  
• Increase of pH improved 
the CEC. 
• High salts content in the 
subsurface after effluent 
application.  
• Soil has a moderate 
capacity to adsorb 
effluent. 
• Soil has moderate 
permeability.  
• Low exchangeable 
cations. 
• Higher ESP at A and B1-
horizons. 
Brown Kurosol soil has 
moderate ability to treat 
effluent based on the 
following: 
• low level of pollutants 
removal from effluent 
was obtained.  
• low CEC and sandy soil 
in B1-horizon 
• clay content increases in 
B2-horizon, leading to 
improved pollutant 
attenuation and removal 
 
However: 
• soil cation balance was 
reduced.  
• accumulation of soluble 
salts and increasing ESP 
in A and B-horizons will 
cause soil salinity and 
sodicity with long term 
effluent application. 
 
6.10.7 Column 7 (Brown Kurosol) 
The results of the previous Kurosol soil (Column 1- Yellow Kurosol) indicated that 
these types of soils provide a moderate capacity for treating and dispersing effluent. 
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This was related specifically to the slow permeability and infiltration of effluent through 
the soil core. The Kurosol soil in Column 7 indicated more favourable effluent 
renovation ability, due to a higher permeability, and more consistent CEC through the 
soil profile. Although Column 1 had higher CEC values in the B horizon, due to the 
slower permeability recorded, this was not fully available to remove pollutants. 
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Figure 6.22: Pollutant removal in Column 7 at first sample point (A), and second 
sample point (B).  
 
During the course of effluent application to Column 7, effluent samples were collected 
primarily from the first two sampling points (120mm and 420mm below the soil surface 
respectively). However, two samples were also collected from the third sampling point 
(800mm soil depth) (Appendix B) due to the increased permeability allowing deeper 
infiltration into the soil core. Figure 6.22 (A and B) shows the average pollutant 
removals achieved by the Kurosol at the upper sampling point. A reduction of 78% was 
achieved for TN with removals of 78% for PO43-, 90% for TCOD and 70% reduction in 
EC. These pollutant removal rates are considered to be within the medium range for 
effluent renovation. This level of removal is due to the high quartz and low kaolinite 
content which provides a low CEC. The average removals at the B2-horizon increased 
to reach a reduction rate of 99% for TN, 91% for PO43-, 98% for TCOD and 98% for 
EC. The resulting pollutant removal rates increased gradually down through the B2-
horizon as a result of the increasing clay and OM content as indicated in the soil 
mineralogy (Figure 6.10b). Based on the experimental data obtained, this soil is 
considered as having a moderate ability to transmit and treat on-site effluent. The 
summary of findings is presented in Table 6.9. 
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Table 6.9: Summary of findings for the Brown Kurosol Soil (Column 7) 
Before Effluent 
Application 
After Effluent 
Application 
Effluent Treatment 
Capacity 
• Low OM in A-horizon 
increased down the 
profile. 
• Sandy soil in B1-
horizon with increasing 
kaolinite content down 
the soil profile. 
• CEC was around 
30meq/100g for all 
horizons. 
• High exchangeable 
cations. 
• Lower cation balance 
down the soil profile. 
• OM increased down the 
soil profile. 
• High salts content.  
• Soil has moderate 
permeability. 
• Moderate nutrient 
adsorption capacity 
especially at A-horizon. 
• Effluent application 
decreased the Mg2+ and 
Ca2+ cations at the 
subsurface  
• Dispersion on the 
surface is expected in the 
future due to increase of 
soluble salts especially at 
A and B1-horizons.  
Brown Kurosol soil has a 
moderate ability to treat 
effluent based on the 
following: 
• moderate level of pollutant 
removal from effluent 
(high nitrogen reduction). 
• Moderate CEC and clay 
content, consisting of 
kaolinite mineralogy. 
• soil has moderate 
permeability. 
 
However: 
• reduction in the soil cation 
distribution due to 
leaching of Mg2+ and Ca2+ 
allowing increasing Na+ 
• increase of ESP which will 
result in sodic conditions 
after long term effluent 
application. 
• increase in soluble salts 
through soil profile may 
cause salinity concerns. 
 
6.10.8 Column 8 (Brown Dermosol) 
Results from earlier soil physico-chemical analysis and the outcomes obtained from the 
multivariate analysis indicated that Dermosol soils should provide suitable effluent 
renovation, due to the presence of moderate to high CEC and OM content. The 
Dermosol soil in Column 8 maintained this trend, indicating moderate CEC values and 
OM. However, increasing clay content through the soil profile indicated that poor 
dispersal mechanisms may prevent this column from providing appropriate effluent 
dispersal.  
 
Effluent samples were collected from the first two sampling points (80mm and 380mm 
below the soil surface respectively) on several occasions throughout the course of the 
experiment. However, only one sample from the third sampling point (840mm of soil) 
(Appendix B) was collected. This sample was not considered in the assessment of this 
columns’ performance due to the limited data available for evaluation at this sampling 
point. The resulting pollutant removal curves for analysed effluent pollutants showed 
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that a high removal of pollutants within the A-horizon was being achieved, as indicated 
in Figure 6.23 (A and B), with average removal rates for PO43-, TN, TCOD and EC 
reduction recorded at 81%, 88%, 86% and 93% respectively. These removal rates 
increased steadily at the second sampling point, where a reduction of 97% TN was 
achieved, with removal of 90% PO43-, 95% TCOD and 94% EC achieved. These results 
suggest that the soil has a high capacity for the reduction and removal of effluent 
pollutants. However, although the removal of a high level of salts from the effluent was 
achieved, the increasing level of sodicity, especially at B1-horizon, as indicated by the 
soil physico-chemical analysis (Figure 6.16b) may reflect adversely on the soil’s 
performance in the long- term.  
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Figure 6.23: Pollutant removal in Column 8 at first sample point (A), and second 
sample point (B) 
 
Based on effluent analysis, the Dermosol soil was classified as having a moderate 
capacity for renovating effluent. However, the resulting physico-chemical analysis 
suggests that this soil has low CEC, as well as an imbalance in the Mg2+ and Ca2+ within 
the soil. An increasing sodicity level was also recorded after effluent application, 
thereby increasing the possibility of soil salinity, reducing the soils overall ability for 
long term effluent application. As a result of these findings, the soil is classified as 
having a moderate ability to treat effluent. A summary of the findings is provided in 
Table 6.10.  
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Table 6.10: Summary of findings for the Brown Dermosol Soil (Column 8) 
Before Effluent 
Application 
After Effluent 
Application 
Effluent Treatment 
capacity 
• Acidic soil. 
• Low OM content. 
• The mineralogy is quartz 
with kaolinite. 
• CEC in the range 9-
15meq/100g. 
• Individual cations analysis 
indicated that Mg is the 
dominant cation. 
• Low exchangeable cations. 
• Cation imbalance in B-
horizon.  
• High ESP at B2-horizon. 
• OM increased down 
the soil profile. 
• Increase of pH 
improved the CEC. 
• High salts content in 
the subsurface. 
• Soil has moderate 
permeability.  
• High nutrient 
adsorption capacity. 
• Lower ESP.  
Brown Dermosol has a 
moderate ability to treat 
effluent based on the following: 
• high level of pollutants 
removal from effluent. 
• moderate CEC, increasing 
through soil profile increase 
• kaolinite soil mineralogy. 
• moderate permeability. 
• ESP reduction. 
 
However 
• change in soil cation 
distribution in lower soil 
horizons 
• accumulation of soluble 
salts in B2-horizon may 
indicate presence of 
limiting soil layer 
 
6.10.9 Column 9 (Yellow Dermosol) 
The results achieved for Column 8 (Brown Dermosol) indicated that Dermosol soils 
should provide moderate effluent renovation and dispersal. The results obtained from 
the Dermosol soil in Column 9 (Yellow Dermosol) further clarified this classification. 
Effluent samples were collected from both the first and second sampling points (50mm 
and 350mm below soil surface respectively) (data supplied in Appendix B). However, 
effluent did not reach the third sampling point at the conclusion of the experiment. The 
sampling results obtained are plotted against time in Figure 6.24 (A and B). The results 
showed that the average pollutant removal rates achieved at the first sampling point 
were 74% reduction in TN content, and removal of PO43-, TCOD and EC by 85%, 75% 
and 51% respectively. Pollutant removals at the second sampling point showed a 
reduction of 94% for TN, 98% for PO43-, 94% for TCOD and 82% for EC.  
 
These results indicated that the soil at A and B1-horizon had a high capacity for PO43- 
removal due to the high OM content as highlighted in Figure 6.11c. Effluent application 
improved soil conditions by increasing pH and OM, which in turn supplemented an 
improved PO43-uptake level. Also, TN reduction increased at the B2-horizon due to the 
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rise in soil pH in this layer and the increase of OM. This allowed increased 
microbiological activity necessary for nitrification.  
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Figure 6.24: Pollutant removal in Column 9 at first sample point (A), and second 
sample point (B). 
From the assessment of the column results, and considering the results from the other 
Dermosol soil columns investigated as part of this study, the Yellow Dermosol soil was 
classified as having a moderate ability for effluent renovation. It has a low capacity for 
EC reduction especially at A and B1-horizon, which reduced its overall ability for long 
term effluent application. The soil has a highly leached A-horizon with slowly 
permeable B2-horizon, which is cause for concern with regards to effluent transport in 
the soil. The resulting outcomes for this column are summarised in Table 6.11.  
 
Table 6.11: Summary of findings for the Yellow Dermosol Soil (Column 9) 
Before Effluent 
Application 
After Effluent 
Application 
Effluent Treatment 
Capacity 
• Low OM content.  
• CEC was in the range 
4-13meq/100g. 
• Exchangeable cations 
low. 
• Low ESP. 
• OM increased at the 
subsurface layers. 
• Increase of pH improved 
the CEC. 
• High salts content in the 
subsurface after effluent 
application.  
• Soil has moderate 
permeability.  
• Average nutrient 
adsorption capacity. 
• Effluent application 
increased Mg2+ at the 
subsurface layers and 
decreased Ca2+.  
• Increased cation 
imbalance. 
• Gradual increase in the 
ESP values in the soil. 
Yellow Dermosol soil has a 
moderate ability to treat 
effluent based on the following: 
• moderate level of pollutants 
removal from effluent 
(especially nitrogen). 
• improved CEC and soil 
mineralogy. 
• moderate permeability.  
 
However: 
• change in the soil cation 
distribution and the 
increasing ESP may cause 
soil sodicity. 
• accumulation of soluble 
salts in lower soil horizons 
indicate reducing 
permeability, which will 
need to be considered in 
design. 
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6.10.10 Column 10 (Yellow Chromosol)  
As indicated by the site investigations and multivariate analysis, and the outcomes 
obtained from Column 5 (Red Chromosol), Chromosol soils can differ substantially in 
their ability to provide suitable effluent renovation and dispersal. The ability of 
Chromosol soils to attenuate and remove pollutants can vary depending on the type and 
level of clay within the soil. Although Chromosol soils are classified according to 
abrupt increases in clay content down through the soil profile, the soils investigated 
through this project indicated only low to moderate CEC values. This is most likely a 
result of less reactive clays contained in the soil mineralogy. Additionally, the 
increasing clay content can also reduce the soils permeability significantly, thereby 
providing poor means of dispersing effluent.  
 
 
 
 
 
 
Figure (A)
0
20
40
60
80
100
0 2 2 27 40 55 70 16
5
23
6
Days 
Re
m
ov
al
 (%
)
Nitrogen
Phos.
EC
TCOD
Figure (B)
60
70
80
90
100
87 10
0
14
3
22
5
25
3
13
0c
33
8c
Days 
R
em
ov
al
 (%
)
Nitrogen
Phos.
EC
TCOD
Figure 6.25: Pollutant removal in Column 10 at first sample point (A), and second 
sample point (B). 
 
The Chromosol soil in Column 10 was found to provide a higher level of renovation and 
dispersal efficiency than that of Column 5. This was mostly due to the moderate 
permeability of the soil, thereby increasing the percolation of effluent through the soil. 
Effluent samples were collected primarily from the first two sampling points (20mm 
and 320mm soil depth, respectively) with only two samples from the third sampling 
point (data provided in Appendix B). Pollutant removal rates for Column 10 are 
provided in Figure 6.25 (A and B). TN reductions from the first to the third sampling 
point were 61%, 87% and 98% respectively. This is a result of the change in soil acidity 
which improved the biological activity and the accumulation of OM, resulting in 
improved microbiological activity. PO43- removals were 33%, 91% and 98% 
respectively, indicating that good PO43-attenuation is available, particularly in the lower 
subsoil. 
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Table 6.12: Summary of findings for the Yellow Chromosol Soil (Column 10) 
Before Effluent 
Application 
After Effluent Application Effluent Treatment 
Capacity 
• Low OM content.  
• Quartz is dominant 
with a lower fraction of 
kaolinite. 
• CEC was in the range 
8-13meq/100g. 
• Low exchangeable 
cations in the 
subsurface layers. 
• Soil cation balance 
decreased down the 
profile. 
• ESP high at A- and B1-
horizon. 
• OM increased in all soil 
layers. 
• Increase of pH did not 
improve the soil CEC. 
• High salts content in the soil 
profile. 
• Soil has moderate 
permeability.  
• Moderate nutrient adsorption 
capacity in B1- horizon. 
Capacity to remove nutrients 
increases down soil profile. 
• Gradual reduction in ESP in 
the soil. 
Yellow Chromosol soil has 
a moderate ability to treat 
effluent based on the 
following: 
• moderate low level of 
pollutants removal from 
effluent in B1-horizon. 
Capacity to remove 
nutrients increases 
down soil profile.  
• improved CEC and 
suitable soil mineralogy 
(increasing kaolinite 
content). 
 
However: 
• accumulation of soluble 
salts indicates restricted 
permeability, which 
needs consideration 
during design. 
 
 
EC reductions were found to increase from 40% at the first sampling point, reaching 
70% and 90% at the second and third sampling points respectively. The ability of the 
soil to renovate effluent in the A horizon was limited, with low pollutant removal rates 
recorded. However, removal rates increased substantially down through the profile. The 
increasing OM as a result of effluent application benefited the column, also helping to 
increase the soil’s ability to attenuate and remove pollutants.  Due to the results of the 
soil column experiment, the Yellow Chromosol was classified as having a moderate 
capacity to renovate effluent even though the soil had a higher permeability than the 
other Chromosol soils. A summary of the outcomes derived for Column 10 are provided 
in Table 6.12 
 
6.10.11 Column 11 (Grey Chromosol) 
In contrast to Columns 5 and 10, Column 11 (Grey Chromosol) had a moderate CEC, 
but low permeability. As such, it was expected to provide suitable renovation, provided 
the effluent was able to sufficiently percolate through the soil. Effluent samples were 
collected regularly from the first sampling point, with only two samples from the 
second sampling point. Effluent did not percolate through the soil far enough to allow 
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collection of samples from the B2 Horizon (data supplied in Appendix B). The average 
reduction rate of TN was found to be 88%, with average removal rates of 96% for PO43-, 
93% for TCOD and 87% for EC, as shown in Figure 6.26. The small number of samples 
collected from the lower sampling points confirmed that effluent transportation through 
the soil was minimal. Although this soil was found to provide adequate pollutant 
removal, the slow percolation rate was a negative factor towards its overall ability to 
provide suitable effluent renovation. 
 
The analysis of the soil physico-chemical data indicated that the effluent affected the 
original CEC adversely at both A and B1-horizons. However, the CEC at the B2-
horizon stayed consistent with the original soil conditions. The soil contains low levels 
of exchangeable cations, especially in the lower B2-horizon. Additionally, the 
application of effluent increased the ESP level at B1-horizon. 
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Figure 6.26: Pollutant removal in Columns 11 
 
The Grey Chromosol soil was classified as having moderate ability for effluent 
renovation due to the higher CEC levels and increasing OM content. The slow 
permeability and the progressive increase in the ESP level in the soil as a result of 
effluent application influenced the reduced renovation ability. The results obtained for 
Column11 are summarised in Table 6.13. 
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Table 6.13: Summary of findings for the Grey Chromosol Soil (Column 11) 
Before Effluent 
Application 
After Effluent 
Application 
Effluent Treatment 
Capacity 
• Low OM in A-horizon 
and higher at B2-
horizon. 
• Dominant clay was 
kaolinite at B2-horizon 
with small fraction of 
illite. 
• CEC in the range 10-
26meq/100g. 
• Ca:Mg ratio close to 1:1 
in the A-horizon. 
• Exchangeable cations, 
cation balance 
decreased with depth. 
• ESP increased with 
depth. 
• Effluent application 
increased the OM.  
• Increase of OM improved 
the pH. 
• High salts content in the 
soil profile.  
• Slow permeability.  
• High nutrient adsorption 
capacity. 
• Exchangeable cations 
decreased. 
• ESP increased. 
Grey Chromosol soil has a 
moderate ability to treat 
effluent based on the 
following: 
• moderate level of 
pollutants removal. 
• Moderate CEC, increasing 
through soil profile  
• soil mineralogy consisting 
of kaolinite, with 
increasing illite. 
 
However 
• slow permeability through 
soil requires special 
design considerations. 
• change in soil cation  
distribution caused by 
increasing Na+, resulting 
in increasing ESP. This 
may cause soil to 
disperse. 
 
6.10.12 Column 12 (Red Kandosol) 
Kandosol soils can have satisfactory effluent renovation capability as indicated by 
earlier evaluations of soil physico-chemical information. However, due to the higher 
sand content contained in these soils, lower CEC levels are common. This can be 
detrimental to the attenuation and removal process, even though the soil is adequate as a 
dispersal medium.  
 
Effluent samples were obtained from the all sampling points, with two samples 
collected from the fourth sampling point in the base of the soil column. Analysis of the 
collected effluent samples showed pollutant removals varied within the soil horizons. 
For the first sampling point (80mm below the soil surface) 75% of TN was reduced, 
with 90% of PO43-, 80% of TCOD and 62% of EC removed from the applied effluent. 
The removals at the second sampling point increased overall, with rates of 85%, 90%, 
90% and 80% for TN, PO43-, TCOD and EC respectively. The removal rates obtained 
from the third sampling point increased again, with 97%, 95% 94% and 92% reductions 
in TN, PO43-, TCOD and EC respectively. Figure 6.27 (A, B, C) shows the reductions in 
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pollutants. The soil performed well from the beginning of effluent application with 
pollutant removals improving down through the soil core due to increasing clay content 
.  
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Figure 6.27: Pollutant removal in Column 12 at first sample point (A), second sample 
point (B) and third sample point (C). 
 
The results of effluent application for the Red Kandosol soil in Column 12 indicated 
that the soil had a high ability for effluent renovation. This classification is based on 
good permeability and high renovation capacity especially within the lower soil 
horizons. However, the soil requires special attention due to the decrease in cation 
balance and the progressive increase of soil sodicity resulting from long-term effluent 
application. Table 6.14 provides a summary of the results obtained for Column 12.  
 
6.11 Soil Ability for Effluent renovation 
The outcomes of the soil column study further clarified the outcomes obtained through 
the field investigations and multivariate analysis.  Although not every soil type found 
throughout the Logan City region was able to be investigated through this study, the 
twelve most common soil types investigated enabled sufficient information to 
understand their ability for effluent renovation and dispersal. Table 6.15 provides a 
summary of the different soil types for renovating effluent. 
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Table 6.14: Summary of findings for the Red Kandosol Soil (Column 12) 
Before Effluent 
Application 
After Effluent Application Effluent Treatment 
Capacity 
• Low OM in A-
horizon and higher 
at B-horizon. 
• Dominant clays 
were kaolinite and 
illite. 
• CEC was in the 
range 4-
36meq/100g. 
• Individual cation 
analysis indicated 
that Mg2+ is the 
dominant cation. 
• OM increased at A and B1-
horizons. 
• Increase of OM improved the 
soil pH. 
• High salts content in the 
surface.  
• Moderate permeability. 
• High nutrient adsorption 
capacity. 
• Effluent application 
decreased Mg2+ at the 
subsurface layers and 
decreased Ca2+.  
• Increased soil cation 
imbalance 
• ESP increased at A-horizon. 
Red Kandosol soil has a high 
ability to treat effluent based 
on the following: 
• high level of pollutants 
removal from effluent.  
• High CEC, with kaolinite 
and illite soil mineralogy. 
• moderate permeability 
 
However: 
• change in the soil cation 
distribution caused by Na+ 
increase, and subsequent 
increase in ESP could lead 
to soil sodicity. 
• soluble salts accumulation 
in lower soil horizons 
indicates restricted 
permeability. 
 
 
Table 6.15: Soil renovation ability evaluated through soil column study 
Soil Column Soil Classification Soil Renovation Ability 
1 Yellow Kurosol Moderate 
2 Red Ferrosol High  
3 Semiaquic Podosol Low 
4 Brown Kurosol Moderate 
5 Red Chromosol Low 
6 Brown Sodosol Moderate 
7 Brown Kurosol  Moderate 
8 Brown Demosol Moderate 
9 Yellow Dermosol  Moderate 
10 Yellow Chromosol Moderate 
11 Grey Chromosol Moderate 
12 Red Kandosol High 
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6.12  Conclusions 
The undisturbed soil column experiment was an important stage in the research. The 
experimental outcomes provided knowledge about the actual soil performance under 
effluent application. The undisturbed soil cores were critical for this study. The 
knowledge generated through this study formed the basis for the validation of the 
outcomes from the previous two soil evaluations discussed in Chapters 4 and 5. 
 
In general, the soil behaviour varied in the treatment level provided and was dependent 
on the soils physico-chemical characteristics. The soils considered to have a low 
capacity to treat effluent were Semiaquic Podosol and Red Chromosol. Other soil types 
were considered to have a moderate treatment capacity such as Yellow Kurosol, Brown 
Sodosol, Brown Kurosol, Brown Dermosol, Yellow Dermosol, Yellow Chromosol and 
Grey Chromosol. Finally, soil types considered having a high treatment capacity were 
Red Ferrosol, and Red Kandosol. 
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CHAPTER 7 
LONG TERM ACCEPTANCE RATE 
 
7.1 Overview 
The data obtained from the laboratory columns study also allowed an investigation of 
another important concept in relation to effluent dispersal. Continuous effluent 
application to the soil results in the growth of a biological layer (clogging mat) on the 
soil surface as a result of the deposition of solids and microbial action as discussed in 
Section 2.3. It acts as a filter by clogging soil pore space, which removes solid particles 
carried by the effluent. The clogging mat develops at a rate dependent on the effluent 
pollutant load. The infiltration rate slowly decreases over time due to the formation of 
the clogging mat. As such, infiltration of effluent into the soil will reach an almost 
constant value over time which is referred to as the long-term acceptance rate (LTAR). 
The LTAR varies between different soil types and is usually reached after a period of 
time with continuous effluent application. The results of the column study (Chapter 6) 
together with the outcomes evaluated through soil characterisation (Chapter 4) were 
used for determining the LTAR for the twelve investigated soil types which were 
selected for the column experiment. LTAR values are important design tools used to 
determine appropriate effluent application areas in order to reduce the risk of system 
failure. 
 
7.2 Soil Permeability Calculations 
Soil permeability values, k, for each of the twelve soil columns were calculated based 
on saturated conditions in effluent transport through the soil from the surface to each of 
the respective sampling points. On initial effluent application, semi-saturated conditions 
existed, with major flow through the larger pores until the soil became saturated with 
continuous application. Subsequent flow through the soil was then under the constraints 
of saturated flow conditions until development of the clogging layer restricted flow 
through the soil. The calculations considered the time required for effluent travel within 
a specified depth of soil. Soil permeability, k (cm/day), for each of the twelve soil 
columns was determined according to Darcy’s Law based on the assumption of falling 
head conditions: 
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( ) 2e
1e
12 H
H
log
ttA
aL3.2k −=    (1) 
Where a = area of standpipe (cm2); A = cross sectional area of soil core (cm2); L = 
length of soil core (cm); t1 = initial time (days); t2 = end time (days); He1 = initial head 
of ponded effluent (cm); He2 = final head of ponded effluent (cm).  
 
However, as the area of the stand pipe is the same to that of the soil cross sectional area 
for the soil columns (ie a = A), k becomes: 
( ) 2e
1e
12 H
H
log
tt
L3.2k −=   (2)  
With ponding of effluent on the surface, the initial head of effluent (He1) was taken as 
the ponded depth at initial time t1. The resulting head of effluent He2, is equivalent to the 
ponded depth remaining after t2 days. The length of the soil, L, used for determining k 
changed depending on where the wetting front of the effluent was in relation to the soil 
core. Initially, L was taken as the depth of soil above the first sampling point until 
effluent reached the second sampling point. L was then taken as the depth of soil above 
the second sampling point, and so on for each of the twelve soil columns. Results of k 
calculations are presented in Appendix B, Table F. 
 
7.3 Soil Percolation Rate and LTAR 
After the permeability (k) was determined over the length of effluent application, the 
LTAR for each of the twelve columns was determined according to the equation given 
by Laak (1986): 
 
klog
2.1k5LTAR −=    (3) 
where  
LTAR= Long Term Acceptance Rate (cm/day),  
k = soil permeability (cm/s).  
 
The initial k values started to decline over time. This was due to the slow build-up of 
the clogging mat on the soil surface. Under the conditions of continuous ponding, and 
therefore constant head of effluent on the soil columns, the percolation rate through the 
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clogging mat and soil media varied from an initially high value, to a lower steady state 
value as the soil becomes saturated. The infiltration rates through the soil columns 
retained similar phases to those highlighted by Allison (1947), Jones and Taylor (1965), 
Okubo and Matsumoto (1979) and Thomas et al. (1966).  
 
Figures 7.1a to 7.1l provide charts of percolation rate versus time and the corresponding 
LTAR value for the twelve soil columns. All columns had an initial decline in 
percolation due to soil pore reduction as a result of suspended solids in the effluent. 
Following this, percolation generally increased depending on several factors. The 
application of effluent caused the soil cores to become saturated over time, with the 
removal of trapped air as the effluent wetting front moved through the soil. However, 
some columns had a more rapid decline in soil percolation as a result of the soil 
mineralogy and clay content. Clayey soils typically have a hydraulic conductivity in the 
order of 10-4 to 10-10 cm/d depending on the type and amount of claypresent in the soil 
(Craig, 1997). Consequently, the natural saturated soil percolation rate (SSPR) of the 
columns will depend on the soil mineralogy. Several of the columns (Columns 1, 2, 6, 
7, 8, 10, 11 and 12) had an initial decline in percolation rate that was much lower than 
the final LTAR value obtained. It is hypothesised that for these soil types, the final 
LTAR value is greater than the SSPR. In other words, the soil’s natural percolation rate 
is lower than the long term infiltration rate obtained after the development of the 
clogging mat. 
 
An increase in percolation rate was observed in some columns when effluent reached 
the respective sampling ports. This is related to an increase in the rate of escaping 
trapped air through the sampling port, rather than upwards through the soil column, 
thereby allowing faster saturation of the soil to occur. Subsequent decreases in effluent 
percolation rate generally occurred as the infiltration rate reached LTAR. How rapid 
this decrease in effluent infiltration occurred, was dependent on several factors. 
Infiltration into the soil was dependant on the extent to which the clogging mat had 
already developed. This in turn is dependant on effluent quality, soil pore size and time. 
However, as the quality of effluent was the same for all columns, the rate at which the 
clogging mat developed was dependant only on the respective soil pore size.  
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Figure 7.1a-d:  LTAR for columns 1, 2, 3 and 4 
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Figure 7.1e-h: LTAR for columns 5, 6, 7 and 8 
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Figure 71.i-l: LTAR for columns 9, 10, 11 and 12 
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A sandy soil with larger pore sizes would allow suspended and dissolved material to 
penetrate further into the soil matrix, resulting in a thicker active zone and subsequently 
increasing the time for LTAR to be reached (Healy and Laak, 1974). This is evident in 
Column 3 (Figure 7.1c), where an LTAR value was not reached during the experiment. 
As such, a slower decline in infiltration through sandy soil is expected, resulting in high 
LTAR values as compared to clayey soils. The rate of infiltration and its decline is also 
dependant on the hydraulic gradient which is necessary to push the effluent through the 
developing clogging layer and into the soil. Consequently, a higher hydraulic gradient 
will occur after ponding of effluent on the soil surface with each application of effluent. 
This temporary increase in the hydraulic capacity as a result of newly applied effluent 
will cause minor increases in infiltration, which will eventually return to an equilibrium 
condition. This phenomenon was observed during the experiment.  
 
7.4 Behaviour of Individual Columns 
The behaviour of the individual soil columns are discussed based on the data provided 
in Figure 7.1A – 7.1L. Due to the similarity between soil types investigated, results are 
discussed based on the soil classification of the 12 columns. 
 
7.4.1 Kurosol Soil – Columns 1, 4 and 7 
Figures 7.1a, 7.1f and 7.1i provide curves of percolation rate vs time for the three 
Kurosol soil columns, Column 1, Column 4 and Column 7 respectively. Similar results 
were observed in both columns, with steady state conditions as a result of the 
development of the clogging mat occurring towards the end of experiment with LTAR 
values between 0.184 to 0.211 cm/day. For both columns, ponding occurred within the 
first three days of effluent application, mostly as a result of the naturally slow soil 
permeability. Additionally, slight increases in the percolation rate after 76 days for 
Column 1, 334 days for Column 4 and at 108 days for Column 7 were observed. These 
increases occurred when effluent reached the second sampling point. This is postulated 
to be a result of trapped air escaping through the sampling points as the soil became 
saturated. The initial rapid decline in percolation rate for the three columns retained 
similar trends over the first days of effluent application. This was related to the clogging 
of soil pores caused by suspended solids in the effluent. Effluent reaching the first 
sampling point at approximately the same time indicated that the soil permeability and 
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percolation rates are very similar for all three columns. Slight differences were, 
however, observed at different stages of the experiment. This is hypothesised to be a 
result of the different soil sub-orders and variations in the soil’s texture and mineralogy, 
particularly in the lower B-horizons.  
 
The Yellow Kurosol in Column 1 changes from a sandy loam at the top 110mm to a 
clay loam in the lower 605mm of the soil, as shown in Appendix B, Table B. This is 
related to an increase in clay content through the soil profile with the majority of the 
clay being kaolinite, at a high percentage in the middle of the column. Also, small 
amounts of smectite (shrink/swell clay) were found, increasing down through the soil in 
the lower part of the column. Due to the shrink/swell properties of this clay, an 
impermeable barrier will form when the smectite saturates and swells, reducing effluent 
ow through the soil. Additionally, the large amount of Kaolinite clay in the middle of 
lation rate until saturation occurred. 
ilar amounts of clay dispersed throughout 
evident in the curves shown in Figure 7.1g. As a result of this decreasing permeability, 
fl
the column caused a rapid decline in the perco
Consequently, this clay governed the initial rate of percolation until clogging of the soil 
pores occurred and the resultant LTAR value of 0.205 cm/day was reached. This 
occurred after 337 days of effluent application.  
 
The Brown Kurosol soil in Column 4 had sim
the length of the column. Column 4 also retained significant amounts of smectite in the 
B-horizon, increasing down the profile from the second sampling point. This increase in 
smectite substantially reduced flow through the soil pores for this column. This 
corresponds with the previous observation, that as a result of the shrink/swell properties 
of the soil in Columns 1 and 4, effluent flow through the smectite was minimal. Hence, 
effluent was unable to reach the third sample point in Column 1 and Column 4. LTAR 
for Column 4 was lower than that of Column 1 reaching 0.18 cm/day, although the time 
to reach LTAR remained similar, with LTAR being achieved after 337 days. 
 
The soil in Column 7 ranged from a loamy sand at the top 120mm of soil to a sandy 
clay in the lower 300mm of the core. Particular importance was the large clay 
percentage in the lower 300mm (43% kaolinite) which will have an appreciable 
influence on effluent flow through the soil. Hence, a decreasing permeability as a result 
of the soil’s increasing clay content prior to clogging development was expected, and is 
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ponding occurred after three days of effluent application. The initial rapid decline in 
percolation rate, which only begins towards its steady state conditions after 41 days, is 
due to the increase in clay content through the soil profile. As depicted in Figure 7.1g, 
an LTAR of 0.216cm/day occured after 338 days.  The resulting LTAR values obtained 
r the Kurosol soils indicate similar values (0.184-0.211cm/day), occurring in 
e to the larger percentage of clay, flow 
rough the soil was restricted causing ponding to occur after only two days of effluent 
fo
approximately the same period of time (337 to 338 days). 
 
7.4.2 Ferrosol Soil – Column 2 
The Red Ferrosol soil in Column 2 reached an LTAR value of 0.204cm/day after 130 
days of effluent application as shown in Figure 7.1b. As highlighted in Appendix B, 
Table B, the soil is described as a clay soil, due to the large amount of clay relative to 
the amount of quartz. Consequently, this affected the initial SSPR, and also affected the 
rate of development of the clogging layer. Due to a higher percentage of clay in the top 
150mm of soil, smaller pore spaces between the soils would be expected. Hence, a 
larger amount of solid material would be filtered out of the effluent as it passed through 
the soil. This would essentially increase the rate of development of the clogging layer, 
although it may not be as thick. Additionally, du
th
application. 
 
A similar increase in percolation rate occurred when effluent reached the second and 
third sampling points after 76 and 316 days respectively. Again, this is attributed to the 
release of trapped air as the soil became saturated. It was not possible to draw clear 
conclusions in regards to further soil behaviour after the increase in percolation rate 
after 316 days, as the experiment was terminated at this point in time. However it is 
hypothesised that the percolation rate would once again decline to the accepted LTAR 
value of 0.204cm/day after a period of time. 
 
7.4.3 Podosol Soil – Column 3 
The percolation rate for the Podosol soil in Column 3 did not reach the LTAR 
throughout the course of the experiment as shown in Figure 7.1c. This soil’s mineralogy 
indicated that 97% was quartz (sand) and the rest consisted of amorphous material, a 
mixture of organic matter and various mineral precipitates. The first samples collected 
were from the fourth sampling point located at the bottom of the column very shortly 
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after effluent application. During the application period, a clogging mat did not develop 
and there was no effluent ponding on the surface.  
 
This soil has a high k value due to the soil mineralogy which mostly consisted of quartz 
(Appendix B, Table B). Therefore, effluent percolated quickly through the soil profile, 
not allowing adequate time for microbial decomposition and entrapment of solid matter 
 occur and to form the clogging mat similar to the other soils. Effluent samples were 
oint after closing the fourth sampling point and the 
ate flow conditions were beginning to develop. The effluent application for 
olumn 3 was stopped shortly after about 60 days. 
approximately 75 days. The initial rapid 
ecline was related to the natural SSPR, which is affected by the amount of clay 
h uent steady decline after 75 days leading towards the 
to
collected from the third sampling p
same procedure was adopted for the second and upper sampling points. Examining 
Figure 7.1c, there is an indication of a reduction in the percolation rate between the four 
sampling points which shows that the lowest percolation rate was achieved after 60 days 
of effluent application. This is due to the increase in organic matter content within the 
soil profile and the formation of algae on the soil surface and the sides of the column. 
Consequently, as there was no typical clogging mat formed throughout the experiment, 
it is surmised that the declining percolation towards the end of effluent application was, 
as a result of clogging due to the growth of algae. As a result of this, it was found that 
Column 3 required a much longer time to reach the LTAR than the period that was 
allowed in this experiment. However, the current trend shown in Figure 7.1c suggests 
that steady st
C
 
7.4.4 Sodosol Soil - Column 6 
In Column 6, the effluent began to pond after two days followed by a sharp decline in 
the percolation rate to an almost steady rate and subsequent LTAR value of 
0.211cm/day after 304 days of effluent application as shown in Figure 7.1d. A sharp 
decline in percolation rate occurred after ponding was observed with initial signs of 
steady state conditions taking place after 
d
throug  the soil profile. The subseq
resulting LTAR is associated with the developing clogging layer. Similar to Column 2, 
most of the clay contained in the soil column is kaolinite. However, small amounts of 
illite are present through the soil profile. The increasing clay content consequently 
prevented collection of effluent samples from the third sampling point until 199 days 
after initial effluent application. Slight increase in percolation rate occurred after 
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reaching the second sampling point (101 days) and third sampling point (199 days), 
resulting from saturation of the soil and subsequent release of trapped air. Overall, 
olumn 6 did not reach a final LTAR value, with recorded percolation rates after 338 
spectively. 
e apid decline in percolation rate, with corresponding 
C
days indicating percolation rates would continue to decrease. As such, more time would 
be required to enable the Sododol soil to reach LTAR. This is related to the soil 
structure and texture, which tends to influence the development of the clogging layer 
(Healy and Laak 1974). 
 
7.4.5 Dermosol Soil – Columns  8 and 9 
The behaviour of the Dermosol soils in Columsn 8 and 9 showed differing results, with 
LTAR values of 0.187, 0.202 and 0.191 reached in 304, 79 and 109 days respectively. 
Obviously, Column 5 shows the biggest difference having a lower LTAR value 
achieved over a longer period of time. The mineralogy of the respective soil columns 
indicated similar amounts of quartz and clay, slightly increasing down through the soil 
profile. The main difference was in Column 5 which had nearly twice the amount of 
kaolinite clay in the lower 300mm than either Column 8 or 9 and slightly less clay in the 
upper 400mm (Appendix B, Table B). As such, Column 5 was observed to have a 
steadier decline in percolation rate after the initial rapid decline over the first few days 
compared to Columns 8 and 9. Consequently, a difference in the development of LTAR 
values is noticeable in Figures 7.1e, 7.1h and 7.1i re
 
All th  columns had an initial r
effluent ponding time of two days for Column 5 and three days for Columns 8 and 9. 
The percolation declined to a steady rate for Column 5 until an LTAR of 0.187cm/day 
was achieved after 304 days. Conversely, Columns 8 and 9 both had a more rapid 
decline in percolation until effluent reached the second sampling point after 73 and 109 
days respectively. A slight increase was observed, followed by a steady decline to reach 
LTAR values of 0.202 and 0.191 cm/day for Columns 8 and 9. Similar to Columns 1 
and 6, the main reasons for the difference between the Dermosol soils is mostly related 
to the soil suborders and mineralogy. Longer times are required for the development of 
the clogging mat for soil that had higher amounts of sand as deeper penetration of 
organic matter and solid material into the soil would be possible such as for Column 5 
in the top 110mm. Hence, more time will be required to achieve sufficient reduction in 
pore size and subsequent clogging of the soil, than for soils with higher clay content. 
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7.4.6 Chromosol Soils – Columns 5, 10 and 11 
The resulting curves for Columns 5, 10 and 11 shown in Figures 7.1e, 7.1j and 7.1k 
indicate distinct differences in the LTAR values and the time to reach steady state 
conditions. Column 10 showed similar processes to that for Column 7 (Kurosol soil), 
with a rapid decrease in SSPR after only 23 days, by which time the effluent had 
reached the second sampling point (passing through 20mm of soil) and an increase in 
percolation occurred due to the release of trapped air through the second sampling point. 
hromosol soils are defined by their abrupt increase in clay content (> 20% difference 
wn in Appendix B, Table B, this is typical 
e reached steady state 
onditions and developed LTAR prior to effluent reaching the second sampling point. 
9), 
C
between soil horizons), (Isbell 1996). As sho
of Column 10. The resulting decline in percolation rate from 100 days of effluent 
application indicated formation of the clogging mat was occurring. However, the 
resulting percolation rate did not achieve steady state conditions, and subsequently did 
not reach an appropriate LTAR, following 338 days of effluent application. The SSPR 
for Column 10 was much lower than the predicted LTAR value of 0.200 cm/day, 
indicating that the SSPR for the Chromosol soil in Column 10 would govern the flow 
through the soil. 
 
Columns 5 and 11 indicated similar trends in percolation rate over the course of the 
experiment. An initial rapid declines in infiltration rate was observed in both columns, 
followed by a more gradual decline as the infiltration rat
c
At the second sampling point a steady decline in infiltration rate towards LTAR was 
observed. However, accepted LTAR values (0.187cm/day for Column 5 and 0.183 
cm/day for Column 11) for both columns were not reached before the end of the 
experiment period. Similar to the Dermosol soils, the time required for the development 
of the clogging layer and subsequent LTAR was dependant on the soil structure and 
texture. Column 10 had less quartz in the upper 300mm of soil than Columns 5 and 11, 
and therefore, more rapid clogging occurred due to the finer soil pore size. 
 
 
7.4.7 Kandosol Soil – Column 12 
The Red Kandosol soil in Column 12 had a rapid decline in infiltration rate reaching a 
minimum of 0.212cm/day after 42 days of effluent application as shown in Figure 7.11. 
Similar to the Kurosol soils (Columns 1 and 6) and Dermosol soils (Columns 8 and 
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this was caused by a rapid reduction in percolation rate as the soil became saturated and 
neared its SSPR. However, the true LTAR value produced by clogging of the infiltrative 
surface only began to occur towards the end of effluent application, at 338 days. 
Consequently, the resulting SSPR would be less than the actual LTAR value, indicating 
that the percolation rate for the soil is most likely governed by the SSPR rather than the 
LTAR value. As for the other columns, the main reason for the rapid decline towards 
SSPR is a result of the large amount of clay in the soil as highlighted in Appendix B, 
Table B, which resulted in rapidly declining soil permeability and therefore percolation 
rate as the soil became saturated. The slight increase in percolation rate during the 
experiment occurred when effluent reached the respective sampling points, forcing air 
out through them as the soil became saturated. 
 
Table 7.1: LTAR for the twelve columns at the first sampling point 
Column 
Number 
Soil Type LTAR 
cm/Day 
Time to Achieve 
LTAR (Days) 
1 Yellow Kurosol 0.205 65 
2 Red Ferrosol 0.204 130 
3 Semiaquic Podosol Not Reached Require more time 
4 Brown Kurosol 0.184 304 
5 Red Chromosol 0.187 304 
6 Brown Sodosl 0.211 75 
7 Brown Kurosol 0.216 41 
8 Brown Dermosol 0.202 79 
9 Yellow Dermosol 0.191 109 
10 Yellow Chromosol 0.200 23 
11 Grey Chromosol 0.183 247 
12 Red Kandosol 0.212 42 
 
7.4.8 Summary of Observations 
The long-term acceptance rate for the investigated soils was achieved for most columns 
except for Column 3. As shown in Table 7.1, the LTAR for eleven of the twelve 
vestigated soil types fall within a relatively narrow band. However different time 
eriods were required for the LTAR values to be achieved. This can be attributed to 
epth and soil structure.  
in
p
factors such as soil mineralogy, soil d
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CHAPTER 8 
LAND CAPABILITY ASSESSMENT 
 
luation discussed in Chapter 4 (which will be referred to as the 
ation’ in this discussion) was based mostly on the CEC in the 
equently, in conjunction with the outcomes of the
ometrics and multicriteria decision making methods, the conclusions 
e experimental so
8.1 Overview 
The initial soil eva
‘theoretical soil evalu
investigated 48 sites. Subs  
multivariate chem
derived were validated using th il columns.  
 
The ch as: 
• T ere acid
• E plication raised the soil pH to idic
• ffluent appli organi tent in the s il profile. 
• hosp
• he preferab as bet 5 and 40 m 00g for the soils to 
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•  the s ace has a la  impact on the soil’s 
a
• e in able
nt a ion.  
• 
• ost cases g ratio 
ef
•
column experiments are 
summarised in Table 8.1.  
re were some common characteristics among the investigated soils su
he soils w
ffluent ap
ic. 
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E cation increased c matter con o
Most of the soils have a higher ability to renovate p horus than nitrogen. 
T le CEC range w ween 1 eq/1
pr priate effluent tre t. 
Effluent transmission through ubsurf rge
ability to tre t sewage effluent. 
Most of th dividual exchange  cations in the soil are leached lower down to 
the subsurface layers due to efflue pplicat
Most of the soils are dominated by Mg2+. 
In m , the soil Ca:M decreased with the increase of ESP due to 
fluent application. 
 As the effluent percolates through the soil, the movement of the wetting front is 
dependent on the soil mineralogy. 
 
The combined outcomes from the three stages of soil evaluation; the theoretical soil 
evaluation, multivariate chemometrics analysis and the 
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1. Human factor – the data output is strongly influenced by the input criteria 
adopted, which is subjective to an extent. 
2. Soil physical factors – the evaluation did not consider the transmission of effluent 
through the soil. 
3. The theoretical soil evaluation – the data evaluation was primarily based on the 
data analysis conducted during the preliminary stage. Any artefacts in the 
theoretical soil evaluation will be carried over to the analytical methods used. 
 
8.2 Soil Treatment Ability 
The column experiment study was an important stage of the research. The research 
undertaken helped to link theory to practical issues relating to soil performance under 
sewage effluent application. The study assisted in understanding the actual soil 
behaviour under effluent application and for further refining and validating the 
outcomes derived from the evaluation of soil physico-chemical characteristics and the 
multivariate chemometrics analysis undertaken previously. Consequently, this 
approach enabled the derivation of new knowledge and the strengthening and 
enhancement of current concepts in relation to soil behaviour under sewage effluent 
ispersal. Subsequently, the outcomes derived from the three studies in relation to the 
 
hromosol; to have a moderate treatment capacity were Yellow Kurosol, Brown 
d
different soil types were consolidated together to develop the ‘Soil treatment ability 
map for on-site sewage treatment’ given in Figure 8.1. This map was then integrated 
with the flood risk map to develop the ‘Risk map for on-site sewage treatment’ for the 
Logan region given in Figure 8.2. Figure 8.2 can be regarded as the final form of the 
map given in Figure 3.1. As and when research outcomes from investigations became 
available, Figure 3.1 was updated to reflect the new knowledge generated in relation 
to the behaviour of soils in the Logan region under sewage effluent dispersal. 
 
The soil behaviour varied in the treatment level provided and was influenced by its 
physico-chemical characteristics. Based on the different stages of soil evaluations 
undertaken, among the more common soil types in the Logan region, the soils 
considered to have a low capacity to treat effluent were Semiaquic Podosol and Red
C
Sodosol, Brown Kurosol, Brown Dermosol, Yellow Dermosol, Yellow Chromosol 
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Red Kandosol. 
 
and Grey Chromosol; and to have a high treatment capacity were Red Ferrosol and 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.1: Soil treatment ability map for on-site sewage treatment 
 145
 146
 
 
Redland Shire
Note 
Combines soil sensitivity and flood risk
Gold Coast City
Risk Map for On-site Sewage Treatment
Oct 2004
Brisbane CityIpswich 
City
Beaudesert Shire
∗ High
Moderate
Low
Sewered
Risk Classification
Figure 8.2: Risk map for on-site sewage treatment
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 9 
CONCLUSIONS 
 
 
This report has presented the findings of a comprehensive study undertaken into the 
soils in the Logan region with a primary focus of evaluating their ability to renovate 
sewage effluent from on-site sewage treatment systems discharged to a subsurface 
dispersal area. Based on the outcomes of the study, a number of important conclusions 
have been derived, leading to the creation of new knowledge and the strengthening and 
enhancement of current concepts in relation to soil behaviour under sewage effluent 
dispersal.  
 
The overall study consisted of three stages of soil evaluation; a theoretical soil 
evaluation, multivariate chemometrics analysis and soil column experiments under 
laboratory conditions. The theoretical soil evaluation was based on physico-chemical 
data derived from a region-wide field sampling and testing regime. Subsequently, in 
conjunction with the outcomes of the multivariate chemometrics and multicriteria 
decision making methods, the conclusions derived were validated using the 
experimental soil columns. The three evaluation stages as formulated provided valuable 
information regarding soil performance under sewage effluent application by helping to 
link theory to practical issues in the field. The information thus generated, enabled the 
achievement of the primary aims of the project. This included the development of an 
indepth understanding of the soils in the study region, the evaluation of the different soil 
types on their ability for sewage effluent renovation based on physico-chemical 
characteristics and the investigation of soil performance under effluent application. 
 
Based on these outcomes, it was possible to correlate the conclusions from the 
theoretical soil evaluation based on information derived from the field investigations, 
laboratory testing and published literature, with actual soil performance. Therefore this 
enabled the development of a template approach based on easy to determine soil 
physical and chemical parameters to evaluate the sewage effluent renovation ability of a 
specific soil, without having to resort to resource intensive detailed soil investigations. 
Furthermore, the integration of extensive data and knowledge generated through the 
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various stages of soil evaluation made it possible to develop a ‘s
map’, which in turn led to the development of the ‘Risk Map for on-site sewage 
treatment’ for the Logan region.  
he soil behaviour varied in the treatment level provided and was influenced by its 
oil treatment ability 
 
T
physico-chemical characteristics. Based on the different stages of soil evaluations 
undertaken, among the more common soil types in the Logan region, the soils 
considered to have a low capacity to treat effluent were Semiaquic Podosol and Red 
Chromosol; to have a moderate treatment capacity were Yellow Kurosol, Brown 
Sodosol, Brown Kurosol, Brown Dermosol, Yellow Dermosol, Yellow Chromosol and 
Grey Chromosol; and to have a high treatment capacity were Red Ferrosol and Red 
Kandosol. 
 
A further important outcome was that the data generated through the laboratory column 
experiment enabled the determination of the long term acceptance rate (LTAR) for the 
common soil types in the study region. From the results obtained, several factors were 
found to influence the flow through the soil, and the development of the clogging layer. 
All soil columns, except one, attained LTAR values in the range of 0.18 to 0.22 cm/day. 
However, the time required for the percolation rate of effluent to reach these observed 
results varied markedly. This was due to factors such as effluent quality and loading 
rates, and soil properties such as structure, texture and mineralogy. The derived LTAR 
values are important parameters in the design of on-site subsurface effluent dispersal 
systems. These values would help to design appropriate effluent dispersal areas based 
on the soil conditions. Using realistic LTAR values in design will help to reduce the risk 
of failure of these systems.  
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Table A – Soil physico-chemical data for the 48 field investigated sites 
Si
te
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o.
 
Sa
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Soil Type pH EC µs/cm 
Cl- 
mg/Kg 
OM 
% 
NH3-
N  
mg/Kg 
PO43-  
mg/Kg 
CEC 
meq/100g 
1 A 5.14 43.9 41.5 8.72 33.9 1.05 24.3 
2 B1 4.99 83.5 65.0 2.21 296 1.60 4.09 1 
3 B2 
Yellow 
Dermosol 4.80 88.6 68.0 1.03 102 1.15 2.80 
1 A 4.96 76.6 64.5 3.80 48.2 1.05 6.82 
2 B1 5.45 65.2 53.0 1.26 260 0.85 12.5 2 
3 B2 
Grey 
Chromosol 
 4.82 58.8 51.5 1.20 98.2 2.20 23.5 
1 A 5.05 53.7 45.0 6.48 33.0 1.25 3.60 
2 B1 4.94 34.8 29.5 1.41 67.7 0.45 8.98 
3 B2 4.80 31.1 21.5 1.30 98.8 0.80 22.2 3 
4 B2 
Grey 
Chromosol 
 
5.27 37.0 20.0 1.10 52.0 0.40 26.8 
1 A 5.41 71.6 58.5 4.20 44.4 0.33 2.88 
2 B1 5.38 71.8 56.0 2.45 94.0 1.25 15.0 4 
3 B2 
Grey 
Chromosol 5.15 88.4 80.0 1.20 38.2 0.40 26.9 
1 A 5.28 41.3 35.0 3.40 66.9 0.90 3.22 
2 B1 5.41 45.3 40.5 1.49 136 1.25 1.65 5 
3 B2 
Red 
Dermosol 5.88 54.0 38.0 1.30 68.8 0.85 4.86 
1 A 5.01 25.4 22.5 8.22 89.0 1.30 16.8 6 2 B1 
Brown 
Chromosol  4.73 67.0 57.0 5.48 136 2.95 25.1 
1 A 4.39 83.4 77.0 3.24 46.6 1.60 6.88 
2 B1 4.9  125 1.15 10.6 0 83.4 46.5 1.867 
3 B2 
Grey 
Kurosol 5.0  48.0 0.85 11.9 5 57.9 49.0 1.20
1 A 5.55 24.0 1.35 4.80 55.1 8.00 4.20 
2 B1 5.91 33.0 12.0 1.19 125 1.00 10.6 
3  B2 6.12 8.80 4.20 1.80 88.0 0.95 14.08 
4 B2 6.33 46.1 9.70 0.10 32.2 2.55 12.2 
Yellow 
Dermosol 
1 A 5.84 24.4 19.0 2.80 22.0 0.85 3.40 
2 A 5.75 71.7 63.5 1.87 125 0.85 2.10 
3 B1 5.90 66.0 60.5 0.70 54.0 0.90 8.60 
4 B2 5.73 92.4 58.5 0.20 11.0 4.80 27.3 
5 B2 5.60 95.3 91.5 1.02 10.0 6.50 24.0 
9 
6 B2 
Yellow 
Chromosol 
5.78 92.4 85.5 1.02 12.0 9.25 22.0 
1 A 5.23 66.1 56.0 3.20 10.8 1.20 1.80 
2 B1 5.91 47.6 44.5 1.99 65.0 0.65 1.30 
3 B1 5.75 62.3 54.5 1.50 23.6 0.75 4.60 10 
4 B2 
Red 
Dermosol 
5.56 61.4 57.0 1.24 10.2 0.95 13.0 
1 A 5.36 44.2 15.5 3.90 23.0 8.25 2.10 
2 B1 5.39 58.6 56.5 2.10 76.6 0.90 2.42 11 
3 B2 
Yellow 
Dermosol 5.21 69.6 58.0 1.60 23.2 1.65 4.80 
1 A 5.53 89.4 75.0 2.20 40.2 0.75 2.90 
2 B1 5.64 58.3 38.5 1.15 120 0.45 4.77 12 
3 B2 
Bleached-
Leptic 
Tenosol 5.75 31.5 21.5 1.01 22.0 0.20 8.80 
1 A 5.49 61.2 40.5 3.20 39.0 1.10 3.80 
2 B1 5.64 53.1 46.5 1.80 73.5 1.20 2.10 13 
3 B2 
Yellow 
Dermosol 5.75 38.9 36.5 1.01 12.0 1.00 8.60 
1 A 5.53 46.0 38.5 12.20 83.0 0.85 5.20 
2 B1 5.13 62.0 52.0 9.12 154 0.90 1.73 14 
3 B2 
Yellow 
Dermosol 5.01 59.7 45.0 2.20 38.2 1.10 11.0 
1 A 5.43 33.0 21.5 3.80 48.8 1.10 6.50 
2 B1 4..94 38.2 29.5 1.65 67.7 0.50 2.79 15 
3 B2 
Yellow 
Dermosol 4.89 58.9 46.0 1.66 22.0 0.50 9.80 
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pe
 
pH EC µs/cm 
Cl- 
mg/Kg 
OM 
% 
NH3-
N  
mg/Kg 
PO4  
mg/Kg 
CEC 
meq/100g 
1 A 5.01 66.7 19.0 8.30 38.8 1.65 22.9 16   
Brown 
 2 B1 Vertosol 5.13 48.3 21.5 6.78 94.0 3.50 65.0 
1 A 5.44 76.5 15.0 7.20 33.8 1.65 16.8 
2  B1 5.39 61.7 11.2 6.25 120 1.45 11.7 17 
  sol 3 B2
Red 
Kando 5.84 60.2 12.0 2.10 42.7 1.40 32.4 
1 A 5.65 39.9 29.5 2.90 18.3 4.25 8.80 
2  B1 5.68 32.8 11.5 1.99 67.7 1.10 11.7 
3  B2 5.77 26.5 16.5 1.80 77.8 1.20 22.6 18 
  
ellow 
sol 
4 B2
Y
Kando
5.79 45.5 20.0 2.20 31.2 2.45 26.7 
1 A 5.60 68.1 56.0 11.00 40.0 1.25 22.9 
2  B1 5.04 37.8 14.0 9.11 125 1.15 68.2 19 
  
ellow 
Kandosol 
3 B2
Y
 5.02 32.8 13.0 3.20 66.0 1.25 58.0 
1  A 4.58 85.0 21.0 12.10 32.0 1.15 4.80 
2  B1 4.93 61.4 62.0 8.24 83.1 1.00 3.54 
3  B1 5.13 57.8 46.0 3.80 22.0 0.95 16.8 20 
  
Red 
 
4 B2
Vertosol
5.16 74.0 56.5 2.08 34.0 1.25 18.8 
1 A 4.82 55.4 21.5 6.80 52.5 1.85 6.80 
2 A 4.82 38.5 14.5 4.26 83.1 0.10 7.97 
3  B1 4.96 32.8 14.5 1.20 68.8 0.80 15.8 21 
  4 B2
Yellow 
Kandosol 
5.27 18.0 6.00 1.08 12.8 0.55 18.2 
1  A 5.43 86.5 68.0 13.60 98.2 1.35 19.6 22   Kandosol  2 B1
Yellow 
5.01 102 80.0 11.24 195 1.25 59.1 
1 A 5.00 63.4 51.0 5.80 48.0 1.00 4.80 23 2  B1
Grey 
Dermosol 5.35 91.1 55.5 2.90 167 2.25 16.3 
24   Sodosol 1 B1
Yellow 4.65 22.1 10.0 6.13 142 1.70 59.1 
1 A 4.36 66.7 17.0 10.20 48.0 3.10 8.02 
2  B1 4.65 91.6 62.5 9.75 148 0.90 14.8 
3  B2 4.74 84.1 70.0 3.93 111 1.50 86.6 
4  B2 4.57 88.4 74.5 1.60 44.6 1.25 88.8 
25 
   5 B2
Red 
Kandosol 
4.68 79.0 53.0 11.20 47.9 1.30 33.8 
1 A 4.89 77.0 68.0 9.83 35.2 1.25 39.8 
2  B1 5.06 70.0 58.0 7.79 142 1.25 14.8 26 
  
Red 
osol 3 B2 Kand 4.51 56.4 43.0 3.98 76.6 0.85 75.0 
1 A 5.14 88 80.0 8.90 48.7 1.60 22.1 
2  B1 4.98 66.2 53.0 7.26 181 1.85 82.5 27 
  
Red 
l 3 B2 Kandoso 4.60 53.3 48.0 1.70 68.2 1.65 88.6 
1 A 4.60 90.6 22.5 5.80 88.0 0.90 14.8 
2  B1 4.98 63.0 62.0 2.14 106 1.00 33.4 
3  B1 4.60 37.7 28.0 1.80 40.6 1.60 38.8 
4  B2 5.14 48.0 46.5 1.60 22.8 1.10 44.2 
28 
5  
l 
B2
Yellow 
Kandoso
4.45 109 100 1.20 21.4 1.10 36.2 
1 A 4.86 33.0 20.0 4.86 66.8 11.8 2.40 29 2  B1
Yellow 
Dermosol 5.19 68.5 58.5 2.93 181 2.35 5.19 
1 A 4.75 275 125 4.72 98.2 0.24 2.67 30   
Yellow 
l  Dermoso2 B1 4.91 121 1.00 24.7 130.1 0.01 3.38 
1 A 5.14 822 141 5.44 54.4 0.26 8.29 31   Sodosol  
Grey 
2 B1 5.20 1371 85.0 38.5 111.3 0.50 26.3 
1 A 5.00 411 57.5 33.3 23.9 0.75 3.56 
2  B1 4.30 1273 12.0 36.4 96.3 0.50 5.88 32 
3   B2
Yellow 
Dermosol 4.58 17.0 10.00 16.3 46.2 0.40 8.00 
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Si
te
 N
o.
 
Sa
m
pl
e 
So
il  C
  l- 
g  
H
 
- g 
E
C
 0
 
H
or
iz
on
 
Ty
pe
 
pH E µs
/c
m
C
m
g/
K
O
M
 %
N
3-
N
 
m
g/
K
g 
PO
43
m
g/
K
C
m
eq
/1
0
g 
1 A 5.03 278 265 25.0 68.0 0.72 6.00 
2 B1 4.72 238 0.00 10.1 34.8 0.20 17.29 3
3 B
3 
2 
Red 
Sodosol 4.67 366 7.50 24.4 48.2 0.18 24.0 
1 A 4.66 635 87.5 20.4 44.0 0.30 6.29 
2 B1 4.66 121.0 108 20.7 67.4 0.12 24.8 3
3 B
4 
2 
Brown 
Kandosol 4.85 319 280 21.5 180.0 0.06 3.09 
1 A 4.66 138 24.0 6.91 24.6 0.06 10.5 3 2 B5 1 
Red 
Vertosol 4.61 552 20.5 10.6 96.0 0.05 17.0 
1 A 4.53 87.5 55.5 10.1 8.9 0.10 9.74 
2 B1 4.58 572 6.00 24.4 39.0 0.05 19.3 36 
3 B
Red 
2 Sodosol 4.57 481 16.0 3.90 22.0 0.01 23.5 
1 A 4.27 821 57.5 17.1 42.2 0.01 8.34 
2 B1 4.37 420 120 19.7 38.6 0.01 8.00 37 
3 B
rown 
Kurosol 2 
B
4.63 217 191 8.36 66.9 0.96 4.00 
1 A 4.41 163 148 3.54 44.9 0.48 4.50 3 2 B8 1 Rudosol 4.84 298 65.0 8.36 120.0 0.24 5.00 
39 1 Yellow ol B1 Dermos 5.05 420 413 10.6 16.0 0.96 5.21 
1 A 4.73 1133 193 4.72 38.2 0.80 8.04 
2 B1 4.35 702 175 5.44 132.1 0.66 25.8 40 
3 B Kandosol 2 
Brown 
4.26 885 393 2.00 66.6 0.40 8.35 
41 1 0 B1 Rudosol 4.72 137.0 120 20.7 68.0 0.24 4.06 
1 A 5.14 146 135 27.6 98.3 0.24 6.20 
2 B1 4.79 213 125 13.5 101.2 0.01 24.0 4
3 B
2 
2 
Grey 
Kurosol 4.62 964 150 16.3 68.0 0.01 28.0 
1 A 4.70 648 9.25 8.77 71.3 0.07 9.86 
2 B  1 4.80 3.40 20.0 10.1 66.9 0.13 10.6 43 
3 B Sodosol 2 
Yellow 
4.80 192 158 10.6 149.0 0.96 27.0 
1 A 4.61 288 155 3.54 97.6 0.98 7.00 
2 B1 5.29 178 150 12.8 230.0 0.10 14.0 4
3 B
4 
2 
Yellow 
Sodosol 4.90 375 125 9.20 138.0 0.28 25.4 
1 A 4.30 1007 170 18.8 26.2 0.28 21.0 45 2 B
Spolic 
oposol 1 Anthr 4.52 441 395 28.9 289.0 0.28 7.17 
1 A 4.90 70 45.0 10.6 168.0 4.56 19.7 46 2 B Vertosol 1 
Brown 
4.72 82 70.0 7.25 66.7 1.00 29.2 
1 A 4.90 470 20.0 27.6 46.9 0.07 6.96 
2 B1 4.87 404 8.33 13.5 187.0 0.24 7.13 4
3 B
7 
2 
Red 
Dermosol 4.68 371 7.50 7.97 88.0 0.01 7.40 
1 A 4.72 40.1 6.00 6.91 47.3 0.05 6.95 48 2 B
Brown 
ol 1 Chromos 4.81 13.0 3.75 5.99 120.0 0.01 18.43 
Table B – Soil mineralogical data for the 48 field investigated sites 
Site 
No. Sample Horizon Soil Type 
Quartz 
% 
Kaolinite 
% Illite % Smectite% 
Albite 
% 
Anorthite 
% 
Amorphous 
% Total % Error % 
1 A 97 72 8.7 0 0.1 0.4 0 18 99.2 4.
2 B1 55 15 0 1.1 0.8 0 27 98.9 4.95 1 
3 B2 
Yellow 
Dermosol 
5 48 19 0 1.8 0.3 0 30 99.1 4.9
1 A 88 90.7 4 0 0 0 0 5.1 99.8 4.
2 B1 0  4.09 70 5.2 0 0 0  23.2 98.42 
3 B2 
Grey 
Ch
3 27 
romosol 
45 45.6 5 0 0 3.  0.9 99.8 4.
1 A 1 8 97 85 4 0 0 0 1.  8.1 9 .2 4.
2 B1 11 2 0 0 15 10 4.95 72 0 0 
3 B2 44.9 5 0 0 3.3 0.9 99.1 4.92 45 
3 
4 B2 
Gre
Chromosol 
4.5 
y 
46 41 11 0 0 0 1.8 99.8 
1 A .1 4.92 88 6 0 0 0 0 5.1 99
2 B1 4.71 75 8 0 0 0 0 17 100 4 
3 B2 
Grey 
Ch
67 
romosol 
51 39 7 0 0 1.1 0.9 99 4.
1 A 87 8 2.8 0 0 1 1.1 99 91 .9 4.
2 B1 4.87 64 23 4 3.1 0 2 3.2 99.3 5 
3 B2 
Red 
De
17 
rmosol 
40 40 6 2.2 0 0 9 97.2 5.
1 A 75 8 0 0 0 0 17 10 98 0 4.6 
2 B1 
Brown 
Chromosol 4.77 51 39 7 0 0 1.1 0.9 99 
1 A 98 85 5.2 1.7 0 4.2 0.5 2.2 98.8 4.
2 B1 81.9 9 1.1 0 4 0.5 2.1 98.6 4.77 7 
3 B2 
Grey
Kurosol 
7 
 
61.3 29.3 2 0 3.5 1.8 1.1 99 4.9
1 A 91 84 9 0 0.1 0.4 0 5 98.5 4.
2 B1 66 15 0 1.1 0.8 0 16 98 02 .9 5.
3 B2 4.9 62 17 0 1.5 1 0 17 98.5 
8 
4 B2 
Yellow 
De
28 
rmosol 
58 20.6 0 3.2 3 0 15 99.8 5.
 160
 
Site Sample Horizon Soil Type Illite % Smectite% Amorphous Total % Error % No. 
Quartz Kaolinite Albite Anorthite 
% % % % % 
1 A 78.5 4.2 0 0 6.9 1 0 0 99.6 4.87 
2 A 6 14.1 21.4 0 0 0 0 3.8 99.3 5.17 
3 B1 58.3 35 0 0 0 0 6 99.3 4.98 
4 B2 54.2 37.2 0 0 0 0 8.1 99.5 4.72 
5 B2 52.2 38 0 0 0 0 9 99.2 4.57 
9 
6 B2 
Yellow 
Chromosol 
49.1 39.9 0 0 0 0 10.1 99.1 5.01 
1 A 84 8 5 0 0 1 1.1 99.1 4.88 
2 B1 54 3 3. 3.2 1 1 0 3.9 3.2 99.3 4.72 
3 B1 40 40 6 2.2 0 0 9 97.2 4.87 
10 Red osol 
5.4 B2 
Derm
41 38 7 2 0 0 8 99.2 4.57 
1 A 76 1 0. 0. 40.1 0 1 4 0 12 98.6 .95 
2 B1 71 17 1. 0.0 1 8 0 10 99.9 4.88 11 Yellow osol 
23 B2 
Derm
59 2 0 4 2 0 12 99 4.72 
1 A 88 4 0 0 1 0 6.2 99.2 4.57 
2 B1 71 1 1.2 0 0 7 0 14.2 98.9 5.01 12 
Bleached-
c 
3 B2 
Lepti
Tenosol 66 14 0 0 2 0 17.9 99.9 4.87 
1 A 88 8 0 0 0 0 3.3 99.3 4.87 
2 B1 85 1 1. 0.0 2 3 0 0 2.3 98.8 5.17 13 
3 B2 
Yellow 
Dermosol 
76 1 0. 0. 90.1 0 1 4 0 12 8.6 4.98 
1 A 58.5 8.7 0 0.1 0.4 0 31 98.7 4.95 
2 B1 55 1 1. 0.5 0 1 8 0 27 98.9 4.88 14 
3 B2 
Yello
Dermoso
w 
l 
3. 950 23 0 3 4 0 19 9.3 4.87 
1 A 84 9 0 0.1 0.4 0 5 98.5 4.97 
2 B1 66 15 0 1.1 0.8 0 16 98.9 4.95 15 
3 B2 
Yellow 
Dermosol 
85 10 1. 42 0.3 0 0 2.3 98.8 .92 
1 A 69 14 2. 3. 19 0 4 0 0.1 99.4 4.97 16 
2 B1 
Brown 
Vertosol 55.4 37 1.7 0.3 3.4 0.2 1.3 99.3 4.88 
1 A 81 7 7.8 0 0 0 1.6 97.4 4.37 
2 B1 61 23 9 3.5 0.7 0 2.1 99.3 4.91 17 
3 B2 
Red 
Kandosol 
46.1 36 9.1 0 8.5 0 0 99.7 5.02 
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Site Sample Horizon Soil Type Quartz Kaolinite Illite % Smectite% Albite Anorthite Amorphous Total % Error % No. % % % % % 
1 A 87 5 4 0 0  0 2.1 98.1 4.97 
2 B1 61 15 18 0 0 0 4.2 98.2 4.95 
3 B2 56 26 16 0 0 0 1.1 99.1 5.17 
18 Yellow Kandosol 
164 B2 51.3 31 .1 0 0 0 1.3 99.7 4.98 
1 A 85 6 5 0 0 0 3.6 99.6 4.77 
2 B1 62 15 18 0 0 0 4.2 99.2 4.97 19 Kandosol 
16 3 B2 
Yellow 
54 27 0 0 0 2.2 99.2 4.88 
20 1 21 A 71 0 0 0 0 8 100 4.37 
2 B1 53 41 0 0 0 0 5 99 4.91 
3 B1 55 44 0 0 0 0 1 100 5.02  
4 B2 
Red 
Vertosol 
49 46 2 0 0 0 2.2 99.2 4.9 
1 A 84.2 7 7 0 0 0 1.1 99.3 5.28 
2 A 66 15 17 0 0 0 1.2 99.2 4.87 
3 B1 5 16 6.4 26 0 0 0 1.1 99.5 5.17 
21 
4 B2 
Yellow 
Kandosol 
5 31 161.3 .1 0 0 0 1.3 99.7 4.98 
1 A 82 7 4 0 0 0 2.1 95.1 4.88 22 
2 B1 
Yellow 
Kandosol 17 66 12 0 0 0 4.5 99.5 4.72 
1 A 84 8 5 0 0 1 1.1 99.1 4.97 23 
2 B1 
Grey 
Dermosol 5 3 1.5.1 9.1 3.1 0.3 0 9 0.2 99.7 4.95 
24 1 Sodosol B1 
Yellow 87 9 0 0 0 0 2.5 98.5 4.95 
1 A 81 7 7.8 0 0 0 2.9 98.7 4.88 
2 B1 71 19 8 0 0 0 1.2 99.2 4.09 
3 B2 43 35.1 9. 0. 2.1 0 8.5 2 6 98.5 4.27 
4 B2 45 38 11 0 4.5 0 1.1 99.6 4.97 
25 Red l 
15 B2 
Kandoso
42 41 0.1 0 0 0 6 99.1 4.95 
1 A 85 5.6 7.8 0 0 0 1.6 100 4.92 
2 B1 58 24 9 0 4.3 0 3 98.3 4.5 26 
3 B2 
Red 
Kandosol 
43 35 0. 8. 0..1 9.1 1 4 2 3.1 99 4.92 
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 n Site No. Sample Horizo Soil Type 
Quartz 
% 
Kaolinite 
% Illite % Smectite% 
Albite 
% 
Anorthite 
% 
Amorphous 
% Total % Error % 
1 A 83 5.6 7.8 0 0 0 1.6 98 4.71 
2 B1 58 2 6.4.8 8 0 7 0 2.1 99.6 4.67 27 
3 B2 
Red 
Kandosol 
41 38 9.1 0 8. 0.5 2 2.6 99.4 4.91 
1 A 8 6. 5.6.2 8 9 0 0 0 1 99.9 4.87 
2 B1 67 14 13 0 0 0 1 95 4.87 
3 B1 56.4 26 16 0 0 0 1.1 99.5 5.17 
4 B2 5 16 1.1.3 31 .1 0 0 0 3 99.7 4.98 
28 Kandosol 
17 0. 95 B2 
Yellow 
50 32 0 0 0 9 9.9 4.87 
1 A 91 5.9 0 0 0 0 3 99.9 4.97 29 
2 B1 
Yellow 
Dermosol 488 8 0 0 0 0 3.3 99.3 .95 
1 A 58.5 8. 0. 0.7 0 1 4 0 32.3 100 4.95 30 Yellow l 1. 0.2 B1 Dermoso 55 15 0 1 8 0 27 98.9 4.88 
1 A 80 9.1 0 0.1 0 0 10.8 100 4.09 31 Sodosol 2 0. 0.2 B1 
Grey 
54.4 4.2 1.2 2 3 0 19.6 99.9 4.27 
1 A 91 5.9 0 0 0 0 3 99.9 4.97 
2 B1 88 8 0 0 0 0 3.3 99.3 4.95 32 
3 B2 
Yellow 
Dermosol 
85 10 1. 0.2 3 0 0 2.3 98.8 4.92 
1 A 88 9 0 0 0 0 2.8 99.8 4.5 
2 B1 72 22.8 1.9 0 0 0 2.2 98.9 4.92 33 
3 B2 
Red Sodosol 
6 23 4 5.4.9 .1 .9 0 0 8 1.3 100 4.71 
1 A 81 7.6 7.4 0 0 0 3.7 99.7 4.67 
2 B1 5 26 9. 3.7.3 .8 1 0 3 0 2.8 99.3 4.91 34 Brown sol 
4 0.3 B2 
Kando
0.4 38.1 11 2 6.5 0.4 2.6 99.2 4.87 
1 A 5 41.7 3.3 0 0 0 0 4.9 99.9 5.02 35 Red Vertosol 2 B1 43 52 0 0 0 0 5 100 4.97 
1 A 84 7.8 0 0 0 0 7.8 99.6 4.9 
2 B1 69 28 0 0 0 0 3 100 4.73 36 
3 B
ol 
2 0 0 4 7 .9 5 2 
Red Sodos
61 27 6. 1. 99 4.
 163
 164
Site Sample Horizon Soil Type Quartz Kaolinite Illite % Smectite% Albite Anorthite Amorphous Total % Error % No. % % % % % 
1 A 53.4 30.9 11.9  0 0 0 3.8 100 4.85 
2 B1 63.9 19.5 3.9 0 9. 99 0 2.5 9.7 4.73 37 
3 B2 
Br
sol 
6
own 
Kuro
6.2 17.9 13.3 0 0 0 2.5 99.9 4.73 
1 A 77.6 5 9.9 0 0 0 7.3 99.8 4.72 38 
2 B1 
Rudosol 
69.9 15.4 5 0 7.3 0 2.4 100 5.3 
39 1 Yellow l 6 1 7. 2.B1 Dermoso 9.9 5.4 5 0 3 0 4 100 4.3 
1 A 85 5.6 7.8 0 0 0 1.6 100 4.67 
2 B1 58 26 8 0 4.3 0 2.1 98.4 4.91 40 Kandosol 
4 3 0. 8. 0.3 B2 
Brown 
4.4 5.1 9.1 1 5 2 2.6 100 4.87 
41 1 B1 Rudosol 6 11 0. 13 0. 3.5.4 4.8 .2 4 .6 9 6 99.9 5.17 
1 A 81 7. 1. 0. 6. 0.2 7 1 5 5 2.2 99.2 4.98 
2 B1 81.9 9 1. 0.1 0.1 4 5 1.8 98.4 4.77 42 
3 B2 
Grey 
Kurosol 
6 2 1.1.3 9.3 2 0.1 3.8 8 1.1 99.4 4.97 
1 A 80.3 14.6 0. 0.6 0.3 5 0 3.6 99.9 4.88 
2 B1 79.3 13.2 0 0.1 0.2 0 7.1 99.9 4.37 43 Sodosol 
3 .9 3 B2 
Yellow 
2.8 58 0 0 0 0 8.3 100 4.91 
1 A 88.4 7.2 0.5 0 0 0 3.8 99.9 5.02 
2 B1 87.7 8.7 0 1 0 0 2.4 99.8 4.9 44 Sodosol 
8 13 1. 0. 0. 53 B2 
Yellow 
3.2 .2 7 2 0 9 0.6 99.8 .28 
1 A 69.4 13.8 0.5 0. 2.1 8 0 13 99.6 4.97 45 Anthroposol 0. 7.2 B1 
Spolic 
65 17.3 2.1 1 8 1.1 6.3 99.7 4.72 
1 A 66 15.5 2.9 0 3.4 0 12.1 99.9 4.57 46 
2 B1 
Brown 
Vertosol 51.2 41.8 1.7 0. 0.3 3.4 2 1.3 99.9 5.01 
1 A 84 8 5 0 0 1 1.1 99.1 4.91 
2 B1 55.1 39.1 3. 0. 1.1 3 0 9 0.2 99.7 4.71 47 
3 B2 
Red 
Dermosol 
35 46 9 0 0 0 9 99 4.91 
1 A 78 16 5 0 0 0 1 100 4.91 48 
2 B1 
Brown 
Chromosol 5 4 0. 2.0.9 1.8 3.4 1 0 9 0.7 99.8 4.77 
Table C – Individual exchangeable cations for the 48 field investigated sites 
Al Fe Mg Na Ca K 
Sa
m
pl
e 
H
or
iz
on
 
Soil Type ESP % 
Ca:Mg 
ratio 
Si
te
 N
o.
 
meq/100g 
1 A 0.02 0.01 0.07 0.03 0.01 0.01 0.12 14 0.
2 B1 0.02 0.01 0.08 0.04 0.01 0.01 0.98 0.13 1 
3 B2 
Yellow 
Dermosol 
0.02 0.01 0.08 0.04 0.01 0.01 1.43 0.13 
1 A 0.05 0.01 0.05 0.04 0.03 0.01 0.59 0.6 
2 B1 0.02 0.01 0.05 0.05 0.02 0.01 0.4 0.4 2 
3 B2 
Chromosol 
0.02 0.01 0.08 0.04 0.01 0.01 0.17 0.13 
Grey 
1 A 0.01 0.01 0.08 0.04 0.06 0.01 1.11 0.75 
2 B1 0.01 0.01 0.1 0.06 0.03 0.01 0.67 0.3 
3 B2 0.02 0.01 0.11 0.06 0.03 0.01 0.27 0.09 
3 
4 B2 
Grey 
Chromosol 
09 0.02 0.01 0.11 0.04 0.01 0.01 0.15 0.
1 A 0.01 0.01 0.08 0.04 0.06 0.01 1.39 0.75 
2 B1 0.02 0.01 0.1 0.04 0.03 0.01 0.27 0.3 4 
3 B2 
Grey 
Chromosol 
0.01 0.01 0.12 0.03 0.03 0.01 0.11 0.25 
1 A 0.01 0.01 0.25 0.05 0.25 0.11 1.55 1 
2 B1 01 0.02 0.04 0.04 0.01 0.02 2.42 0.25 0.5 
3 B2 
Dermosol 
0.01 0.02 0.32 0.15 0.08 0.13 3.09 0.25 
Red 
1 A 0.05 0.01 0.05 0.04 0.04 0.01 0.24 0.8 6 
2 B1 Chromosol  0.0  2 
Brown 
0.05 0.01 0.05 4 0.01 0.01 0.16 0.
1 A 0.06 0.01 0.07 0.05 0.06 0.01 0.73 0.86 
2 B1 0.05 0.01 0.88 0.15 0.06 0.01 1.42 0.07 7 
3 B2 
Grey Kurosol 
0.02 0.01 0.9 0.25 0.19 0.05 2.1 0.21 
1 A 0.03 0.01 0.05 0.05 0.05 0.01 1.04 1 
2 B1 0.03 0.01 0.09 .0  22  0 5 0.02 0.02 0.47 0.
3 B2 0.06 0.01 0.04 0.02 0.01 0.01 0.14 0.25 
8 
4 B2 
Yello
Dermosol 
0.06 0.01 0.04 0.02 0.01 0.01 0.16 0.25 
w 
1 A 0.01 0.01 0.2 0.1 0.38 0.06 2.94 1.9 
2 A  03  0.01 0.01 0.64 0.03 0.02 0.09 1.43 0.
3 B1 0.01 0.01 0.71 0.13 0.06 0.09 1.51 0.08 
4 B2 0.01 0.01 0.53 0.09 0.07 0.08 0.33 0.13 
5 B2 0.01 0.01 0.52 0.11 0.06 0.09 0.46 0.12 
9 Yellow Chromosol 
23 6 B2 0.01 0.01 0.22 0.11 0.05 0.07 0.5 0.
1 A 0.01 0.01 0.21 0.03 0.18 0.11 1.67 0.86 
2 B1 0.01 0.01 0.04 0.03 0.01 0.02 2.31 0.25 
3 B1 0.01 0.02 0.05 0.03 0. 0.13 0.65 .14 04 010 
4 B
Red 
Derm  
01 0.02  
0.
 .19 2 
osol
0.  0.28
0.26
1 
01
5 0.13 2.01 0
1 A 0.0 01   .13 2 0.  0.08 0.04 0.01 0.01 1.9 0
2 B1 0.02 0.01 0.08 0.04 0.01 0.01 1.65 0.13 11 
3 B2 
Dermosol 
0.06 0.01 0.04 0.02 0.01 0.01 0.42 0.25 
Yellow 
1 A 0.01 0.01 0.11 0.06 0.1 0.01 2.07 0.91 
2 B1 0.01 0.01 0.12 0.07 0.08 0.01 1.47 0.67 
3 B2 
Leptic 
Tenosol 0.01 0.01 0.09 0.09 0.03 0.01 1.02 0.33 
Bleached-
12 
1 A 0.03 0.01 0.09 0.05 0.02 0.02 1.32 0.22 
2 B1 0.06 0.01 0.04 0.02 0.01 0.01 0.95 0.25 13 
3 B2 
Yellow 
0.02 0.01 0.08 0.04 0.01 0.01 0.47 0.13 
Dermosol 
1 A 0.02 0.01 0.08 0.04 0.01 0.01 0.77 0.13 
2 B 02 01   1  0.13 1 0.  0. 0.08 0.04 0.01 0.0 2.3114 
3 B2 
Yellow 
Dermoso
0.06 0.01 0.04 0.02 0.01 0.01 0.18 0.25 
l 
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Al Fe Mg Na Ca K 
Si
te
 N
o.
 
Sa
m
pl
e 
Soil Type  
/10
ESP 
% 
Ca:Mg 
ratio 
H
or
iz
on
 
meq 0g 
1 A 0.02 0.01  0.01 0.01   0.07 0.03 0.46 0.14
2 B1 0.02 0.01 0.08 0.04 0.01 0.01 1.43 0.13 15 Yellow  
3 B2 
Dermosol
0.02 0.01 0.08 0.04 0.01 0.01 0.41 0.13 
1 A 0.01 0.02 0.21 0.14 0.29 0.16 0.61 1.38 16 Vertosol 2 B1 
Brown 
0.01 0.02 0.52 0.24 0.17 0.12 0.36 0.33 
1 A 0.01 0.01 0.15 0.01 0.13 0.01 0.06 0.87 
2 B1 0.01 0.01 0.57 0.2 0.06 0.01 1.71 0.11 17 
3 B2 
Red Kandosol 
0.01 0.01 2.2 0.4 0.06 0.03 1.23 0.03 
1 A 0.01 0.01 0.14 0.09 0.13 0.01 1.02 0.93 
2 B1 0.01 0.01 0.27 0.12 0.11 0.01 1.03 0.41 
3 B2 0.01 0.01 1.56 0.22 0.11 0.01 0.97 0.07 
18 
4 B2 
Yellow 
Kandosol 
0.01 0.01 2.26 0.38 0.09 0.04 1.42 0.04 
1 A 0.01 0.01 0.12 0.17 0.11 0.01 0.74 0.92 
2 B1 0.01 0.01 0.22 0.31 0.08 0.01 0.45 0.36 19 
3 B  2
Yellow 
Kandosol 
0.01 0.01 1.1 0.19 0.07 0.03 0.33 0.06 
1 A 0.02 0.01 0.11 0.06 0.02 0.02 1.25 0.18 
2 B1 0.03 0.01 0.06 0.06 0.01 0.01 1.69 0.17 
3 B  1 0.02 0.01 0.11 0.06 0.02 0.02 0.36 0.18 
20 ol 
04 B2 
Red Vertos
0.03 0.01 0.06 0.06 0.01 0.01 0.32 .17 
1 A 0.01 0.01 0.14 0.07 0.13 0.01 1.03 0.93 
2 A 0.01 0.01 0.27 0.12 0.11 0.01 1.51 0.41 
3 B1 0.01 0.01 1.56 0.23 0.11 0.01 1.46 0.07 
21 
4 B  2
Yellow 
Kandosol 
0.01 0.01 2.26 0.38 0.09 0.04 2.09 0.04 
1 A 0.01 0.01 0.12 0.17 0.11 0.01 0.87 0.92 22 
2 B1 
Yellow 
Kandosol 0.01 0.01 0.22 0.31 0.08 0.01 0.52 0.36 
1 A 0.01 0.01 0.13 0.11 0.12 0.03 2.29 0.92 23 Dermosol 2 B  1
Grey 
0.01 0.01 0.22 0.34 0.08 0.07 2.09 0.36 
24 1 Yellow B1 0.02 0.01 0.12 0.58 0.09 0.01 0.98 0.75 
1 A 0.01 0.01 0.15 0.01 0.13 0.01 0.12 0.87 
2 B1 0.01 0.01 0.57 0.2 0.06 0.01 1.35 0.11 
3 B2 0.01 0.01 2.2 0.4 0.06 0.03 0.46 0.03 
4 B2 0.01 0.01 1.8 0.3 0.04 0.02 0.34 0.02 
25 l 
5 B2 
Red Kandoso
0.01 0.01 1.7 0.31 0.04 0.02 0.92 0.02 
1 A 0.01 0.01 0.15 0.01 0.13 0.01 0.03 0.87 
2 B1 0.01 0.01 0.57 0.2 0.06 0.01 1.35 0.11 26 
3 B2 
Red Kandosol 
0.01 0.01 2.2 0.4 0.06 0.03 0.53 0.03 
1 A 0.01 0.01 0.15 0.01 0.13 0.01 0.05 0.87 
2 B1 0.01 0.01 0.57 0.4 0.06 0.01 0.48 0.11 27 Red Kandosol 
3 B2 0.01 0.01 2.2 0.4 0.06 0.03 0.45 0.03 
1 A 0.01 0.01 0.15 0.07 0.13 0.01 0.47 0.87 
2 B1 0.01 0.01 0.27 0.12 0.11 0.01 0.36 0.41 
3 B1 0.01 0.01 1.41 0.23 0.11 0.01 0.59 0.08 
4 B2 0.01 0.01 2.3 0.38 0.09 0.04 0.86 0.04 
28 
5 B2 
Yellow 
Kandosol 
0.01 0.01 2 0.22 0.05 0.04 0.61 0.03 
1 A 0.02 0.01 0.08 0.04 0.01 0.01 1.67 0.13 29 
2 B1 
Yellow 
Dermosol 0.02 0.01 0.08 0.04 0.01 0.01 0.77 0.13 
1 A 0.02 0.01 0.07 0.03 0.01 0.01 1.12 0.14 30 Yellow l 2 B1 Dermoso 0.02 0.01 0.08 0.04 0.01 0.01 1.18 0.13 
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 Al Fe Mg Na Ca K 
Si
te
 N
o.
 
Sa
m
pl
e 
H
or
iz
on
 
Soil Type  
1
ESP 
% 
C  
ratio 
meq/ 00g 
a:Mg
1 A 0.02 0.01 0.07 0.03 0.02 0.01 0.36 0.29 31 
2 B1 
Grey Sodosol 
0.02 0.01 0.19 0.07 0.03 0.01 0.27 0.16 
1 A 0.03 0.01 0.05 0.05 0.05 0.01 1.4 1 
2 B1 0.03 0.01 0.09 0.05 0.02 0.02 0.85 0.22 32 
3 B2 
Yellow 
Dermosol 
0.06 0.01 0.04 0.02 0.01 0.01 0.25 0.25 
1 A 0.02 0.01 0.12 0.05 0.01 0.01 0.83 0.08 
2 B1 0.05 0.01 0 0.05 .02 0.01 0.01 0.12 0.2 33 Red Sodosol 
3 B2 0.05 0.09 0.1 0.06 0.02 0.02 0.25 0.2 
1 A 0.05 0.01 0.09 0.02 0.02 0.01 0.32 0.22 
2 B1 0.06 0.01 0.14 0.04 0.02 0.01 0.16 0.14 34 
3 B2 
Brown 
Kandosol 
0.06 0.01 0.11 0.02 0.01 0.01 0.65 0.09 
1 A 0.02 0.01 0.11 0.06 0.02 0.02 0.57 0.18 35 
2 B1 
Red Vertosol 
0.03 0.01 0.06 0.06 0.01 0.01 0.35 0.17 
1 A 0.03 0.01 0.1 0.17 0.01 0.02 1.75 0.1 
2 B1 0.27 0.01 0.08 0.07 0.01 0.01 0.36 0.13 36 Red Sodosol 
3 B2 0.04 0.01 0.06 0.15 0.01 0.02 0.64 0.17 
1 A 0.05 0.01 0.05 0.03 0.01 0.01 0.36 0.2 
2 B1 0.02 0.01 0.09 0.04 0.01 0.01 0.5 0.11 37 
Brown 
Kurosol 
3 B2 0.02 0.01 0.09 0.04 0.01 0.01 1 0.11 
1 A 0.02 0.01 0.09 0.09 0.02 0.02 2 0.22 38 
2 B1 
Rudosol 
0.02 0.01 0.06 0.04 0.01 0.01 0.8 0.17 
39 1 Yellow l B1 Dermoso 0.02 0.01 0.08 0.06 0.02 0.02 1.15 0.25 
1 A 0.03 0.01 0.06 0.04 0.01 0.01 0.5 0.17 
2 B1 0.03 0.01 0.11 0.05 0.02 0.02 0.19 0.18 40 
3 B2 
Brown 
Kandosol 
0.04 0.01 0.09 0.05 0.02 0.02 0.6 0.22 
41 1 B1 Rudosol 0.04 0.01 0.11 0.05 0.02 0.01 1.23 0.18 
1 A 0.06 0.01 0.07 0.05 0.01 0.01 0.81 0.14 
2 B1 0.05 0.01 0.88 0.15 0.06 0.01 0.63 0.07 42 Grey Kurosol 
03 B2 0.02 0.01 0.9 .25 0.19 0.05 0.89 0.21 
1 A 0.02 0.01 0 0.12 .06 0.03 0.01 0.61 0.25 
2 B1 0.02 0.01 0.07 0.03 0.01 0.01 0.28 0.14 43 
Yellow 
Sodosol 
3 B2 0.03 0.01 0.14 0.05 0.04 0.02 0.19 0.29 
1 A 0.03 0.01 0.12 0.06 0.03 0.03 0.86 0.25 
2 B1 0.04 0.01 0 0.08 .06 0.02 0.01 0.43 0.25 44 
Yellow 
Sodosol 
3 B2 0.05 0.01 0.04 0.03 0 0.01 0.12 0 
1 A 0.05 0.01 0.59 0.12 0.09 0.02 0.57 0.15 45 Anthroposol 2 B1 
Spolic 
0.06 0.01 0.17 0.07 0.01 0.01 0.98 0.06 
1 A 0.06 0.01 0.07 0.05 0.01 0.01 0.25 0.14 46 Brown  2 B1 Vertosol 0.02 0.01 0.07 0.04 0.02 0.01 0.14 0.29 
1 A 0.04 0.01 0.13 0.06 0.02 0.02 0.86 0.15 
2 B1 0.02 0.01 0.05 0.04 0 0.01 0.56 0 47 Dermosol 
0.22 3 B2 
Red 
0.04 0.01 0.07 0.02 0.01 0.95 0.09 
1 A 0.05 0.01 0.05 0.04 0.01 0.01 0.58 0.2 48 
2 B1 
Brown 
Chromosol 0.02 0.01 0.05 0.04 0.01 0.01 0.22 0.2 
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Table A – Soil column physico-chemical data 
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1org 6.08 5.00 5.27 4.65 5.82 4.47 5.81 4.3 5.12 5.01 6.22 5.91 
1 col 6.17 4.63 6.66 6.61 5.36 5.45 5.54 5.45 6.34 6.33 6.35 2.94 
2org 4.71 4.36 6.41 4.82 5.66 4.49 5.34 4.49 5.38 5.2 6.03 6.03 
2 col 5.2 4.68 6.32 6.17 5.12 6.1 5.98 6.1 6.08 6.22 6.16 6.5 
3org 4.75 4.08 6.21 5.37 6.54 6.4 3.99 6.2 5.56 5.6 5.9 5.65 
pH 
3 col 4.9 4.18 3.82 4.68 6.36 6.2 4.41 6.4 5.9 6.1 4.46 5.82 
1org 20.5 22 4.43 10.2 8 1.23 3.12 10 2.13 3.91 5.03 3 
1 col 16 31.6 1.41 25.8 21.4 17.8 17.9 17.8 3.72 15.9 14.5 18.7 
2org 7.9 18.8 0.02 6.59 3.03 5.2 2.89 5.2 3.26 5.22 2.95 5.3 
2 col 24.3 26.6 0.28 12.4 21.2 18.2 16.4 18.2 18.9 22.2 23.8 29.4 
3org 4.7 13.2 0.32 21 14.6 21.1 8 7.08 5.07 6.81 11.6 11.9 
OM  
3 col 27.3 24.9 3.82 20.6 25.8 7.08 22.2 21.1 29.8 25.2 25.8 8.4 
1org 170. 49 20.8 1820 1129 156 45 453 100 241 221 790 
1 col 136 1441 431 43 1200 1086 1657 4 643 458 1563 458 478 
2org 130 42 1912 458 49.2 65 161 240 151 150 151 1110 
2 col 388 435 401 100 546 829 1103 1508 464 1 496 546 1339 
3org 65 751 150 51 15 495 435 1127 146 439 322 37.5 
EC 
3 col 149 407 530 1534 432 439 441 1127 1001 1124 1215 1620 
1org 155 120 72 65 68 6  145 65 115 103 154 153 5
1 col 44 18 42 43 86 65 69 25 68 56 16 69 
2org 96 103 85 161 55 270 114 270 23 65 114 171 
2 col 140 34 45 21 100 96 22 96 65 65 13 63 
3org 36 68 160 92 156 80 132 93 65 81 44 126 
Cl 
3 col 48 67 100 41 69 93 52 80 183 31 39 27 
1org 3.9 3.1 0.81 1.32 1.53 0.84 1.19 1.94 0.71 0.95 1.03 0.63 
1 col 6.05 0.16 0.81 3.32 0.31 0.98 8.87 0.98 8.55 3.05 0.52 0.81 
2org 1.92 0.15 0.45 0.65 0.32 1.32 0.56 1.32 0.58 4.27 0.63 0.89 
2 col 1.77 0.21 0.92 1.55 0.82 1.27 0.66 1.27 2.85 1.68 0.76 1.79 
3org 1 0.63 0.38 0.65 0.44 2.89 2.69 0.71 0.48 7.26 0.37 0.58 
TP 
3 col 0.55 0.34 0.32 0.16 0.58 0.71 2.13 2.89 1.56 5.73 0.08 7.74 
1org 31.3 244 133 141 220 203 195 103 238 371 117 189 
1 col 281 94 209 59.4 93 59.4 172 59.4 31.3 49 195 146 
2org 156 170 205 400 625 79.7 228 79.7 95.3 149 213 209 
2 col 195 94 78 152 237 59.4 225 95.3 34.4 54 81.3 206 
3org 147 55 167 191 298 95.3 144 216 85.9 134 39.1 159 
TN 
3 col 180 155 206 155 242 216 214 95.3 106 166 231 85.9 
1org 16 45 10 24.7 13.1 2.23 29.5 15.2 13 8.21 10.3 4.83 
1 col 18 40 5 24.7 9.8 7.78 27.4 22.9 6 14 2.58 7 
2org 32 41 13.8 59.6 9.9 5.2 31.5 9.42 8.5 13.2 15 19.0
2 col 24.7 45 8 46.4 16.6 8.16 20.4 27.3 24 10.3 7.04 14.3 
3org 59.6 60 8 46.4 18.2 11.1 30.4 14.5 4.5 13.2 26.2 36 
CEC 
3 col 46.8 58 14 76.7 17.6 13.1 24.1 11.9 31 7.04 24.8 32.6 
Table B - Soil column mineralogy 
Column Sample Quartz  Kaolinite % Illite % Smectite % Albite Anorthite % Amorphous  Error %  % %  % Total %
1org 60.3 20.5 0 0 18.3 0 0.73 99.8 4.2 
1 col 68.4 28.2 0 0.9 0 0 1.98 99.5 4.3 
2org 29.3 42.4 0 3 24 0 1.03 99.7 4.22 
2 col 42 23.2 0 0 32 0 2.57 99.8 4.2 
3org 39.8 21 0 7.8 30.4 0 0.85 99.9 4.2 
1 
3 ol c 38.9 20.1 0 6.8 34.1 0 0 99.9 4.25 
1org 13.8 27 0 0 99.8 4.33 57.4 0 1.59 
1 col 10.4 76 12 0 0 0 1.42 99.8 4.67 
2or 0 g 9.1 67.1 21.4 0 0 2.19 99.8 4.27 
2 col 23.6 61.5 9.4 0 0 0 5.08 99.6 4.86 
3org 21.6 66 0 10.4 0 0 1.26 99.3 4.65 
2 
3 col 21.4 65.3 0 9.8 0 0 3.33 99.8 4.19 
1org 94.1 3.3 0 0 0 0.1 2.07 99.6 4.07 
1 col 86.7 0 0 0 0 2.6 10.7 100 5.13 
2org 95.9 0 0 0 0.3 0 3.56 99.8 3.77 
2 col 0 0 1.44 99.8 4.96 96.3 0 0 2.1 
3org 89.9 3.4 0 0 0 0.5 5.98 99.8 4.34 
3 
3 col 83.7 0 0 0 1.6 14.4 0.15 99.9 5.43 
1org 68.9 16.5 0 0 4.4 8.2 2 100 4.83 
1 col 29.3 42.2 0 3 24 0 1.4 99.9 4.22 
2org 68.4 28.2 0 0.2 0 0 2.2 99 4.55 
2 col 39.8 21 0 7.8 29 0 1.1 98.7 4.52 
3org .9 0 6.1 34 99.2 4.52 38 20.1 .1 0 0 
4 
3 col 55.3 16.2 0 9.3 13.9 4.4 0.9 100 4.91 
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Column Sample Quartz % Kaolinite % ite % Amorphous % Total % Error % Illite % Smectite % Albite % Anorth
1org 75 2 0 0 3.8 0 18.9 99.7 4.38 
1col 58.4 5 6.8 8  0 21 3. 4.86 99.9 5.95
2org 76.9 3.9 3.7 7  0 2. 0 12.7 99.9 4.52
2col 55.4 10.9 6.2 0 0 0 27.5 100 5.02 
3org 51.4  39.1 0 0 5.5 0 1.3 97.3 4.91
5 
 9  3col 55 36.5 4. 0 0 0 2.6 99 4.32
1org 61.4 23.3 4.6 1 89 0 2.6 2. 5. 99.9 3.91 
1 col 43.8 21.5 4.1 0 3.1 2.3 25.1 99.9 4.33 
2org 75.4 14.1 4.2 0 3.6 6 1. 0.92 99.8 3.84 
2 col 63.1 11.8 4 0 3.2 65 1. 16.2 99.9 4.01 
3org 64.3 24 3.8 0 6.2 6 1. 0 99.9 4.23 
6 
9 5 3 col 51.9 13.6 3.6 0 3. 1. 25.5 100 4.1 
1org 82 12 0 0 0.4 0 5.2 99.6 5.32 
1 col 78.2 15.6 0 0 1.6 0 4.4 99.8 4.83 
2org 75.7 19.7 3 0 0 1. 0 2.5 99.2 4 
2 col 70.3 16.3 6 0 0 9. 0 3.5 99.7 4.94 7 
3org 55.8 43.1 3 0 0 0. 0 0.3 99.5 4.89 
3 col 58.8 40 0 0 0 0 1 99.8 4.88 
1org 87.1 11.3 1 1. 0 0 0 0.43 99.9 4.23 
1 col 43.8 21.5 1 4. 0 3.1 2.3 25.1 99.9 4.33 
2org 75.4 14.1 4.2 92 0 3.6 1.6 0. 99.8 3.84 
2 col 42.5 27.1 4.01 2  0 3 2. 20.2 99 4.8 
3org 64.3 24 3.8 2 6  0 6. 1. 0 99.9 4.23 
8 
 6 5  3 col 51.9 13.6 3. 0 3.9 1. 25.5 100 4.1 
1org 90.9 3.2 0 0 0 0 5.16 99.9 4.33 
1 col 81 3.5 0 0 9 0 6 99.5 4.68 
2org 94.4 3 0 8 .5 47 3. 0 0 0 1. 99 4.
2 col 56.7 5.6 7.6 0 1 0 29 99.9 4.28 
3org 72 10 5 0 0 0 2.8 99.8 4.94 
9 
3 col 66.6 10.5 15.6 0 4.3 0 2.9 99.9 4.09 
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Column Sample Quartz % Kaolinite % Illite % Smectite % Albite % Anorthite % Amorphous % Total % Error % 
1org 79.2 .9 18 0 0 0 0 1 99.1 4.91 
1 col 77.3 4.1 0 0 0 0 16.7 98.1 4.35 
2org 66.3 23.6 0 0 0 0 9.1 99 4.81 
2 col 71.9 10.3 0 0 0 0 16.6 98.8 4.41 
3org 60 31 0 0 0 0 8.5 99.5 4.9 
10 
3 col 60.2 29.9 0 0 0 4.4 3.2 97.7 5.44 
1org 90.7 3.9 0 0 0 0 3.8 98.4 4.47 
1 col 70.9 4.7 0 0 0 0 23.6 99.2 5.3 
2 col 80 4 0 0 12   2 98 4.87 
3org 56.3 6.8 3.5 0 20 0 13 99.6 4.86 
3 col 51.4 38.1 2.9 0 0 4 3.5 99.9 4.93 
11 
 2org 40.3 47.9 8.9 0 0 2.6 0 99.7 4.91 
1org 88.5 4.8 4.7 0 0 0 1.3 99.3 4.04 
1 col 66 21.6 10 0 0 0 2 99.6 4.65 
2org 57.4 13.8 27 0 0 0 1.8 100 4.33 
2 col 68 9.6 19 9 0 0 0 3.2 99.8 4.
3org 67.1 9.1 21 0 0 0 2.4 99.6 4.27 
12 
8 3 col 55.4 38.9 4. 0 0 0 0.5 99.6 4.66 
 
 
Table C – Soil column individual cations analysis 
Al Fe Mg Na Ca K 
C n Sample 
meq/100g 
Ca:Mg 
ratio 
ECEC 
meq/100g 
ESP 
% olum
1org 0.09 0.  0.15 1 27.20 0.81 04 0.54 0.13 0.54
1 col 0.00 0.06 0.36 0.2 0.56 0.28 1.53 30.40 1.08 
2org 0.2 0.00 1.04 0.35 0.09 0.04 0.09 47.50 0.90 
2 col 0.02 0.02 0.37 0.15 0.11 0.04 0.29 27.90 1.12 
3or 00 54 0.  0.09 0.04 13.40 0.60 g 0.65 0. 1.68 0. 06
1 
3 col 0.19 0.01 1.16 0.74 0.04 0.02 0.04 39.20 1.57 
1org 0.01 0.00 0.39 0.13 0.56 0.11 1.44 24.23 5.93 
1 col 0.01 0.01 0.06 0.20 0.11 0.02 1.74 8.78 3.61 
2org 0.00 0.00 0.09 0.10 0.17 0.07 1.92 3.83 1.46 
2 col 0.00 0.00 0.13 0.11 0.22 0.00 1.70 7.96 9.92 
3org 0.01 0.00 0.05 0.04 0.06 0.03 1.26 9.05 4.87 
2 
3 col 0.01 0.00 0.11 0.08 0.10 0.00 0.94 5.98 2.43 
1org 0.01 0.00 0.16 0.07 0.20 0.02 1.21 9.13 0.70 
1 col 0.00 0.00 0.06 0.12 0.05 0.02 0.83 13.33 0.99 
2org 0.00 0.00 0.18 0.14 0.30 0.05 1.64 5.81 1.65 
2 col 0.09 0.00 0.03 0.10 0.02 0.02 0.55 4.93 2.48 
3org  0.00 0. 13 0.07 0.02 1.09 5.17 1.21 0.01 06 0.
3 
3 col 0.00 0.00 0.20 0.10 0.27 0.02 1.34 11.76 0.71 
1org 0.00 0.00 0.25 0.20 0.25 0.10 1.00 16.09 0.18 
1 col 0.02 0.00 0.26 0.28 0.17 0.00 0.67 5.22 0.02 
2org 0.00 0.00 0.04 0.04 0.00 0.02 0.07 48.00 1.73 
2 col 0.00 0.00 1.18 1.25 0.15 0.09 0.13 14.31 0.26 
4 
3org 0.01 0.00 3.30 3.49 0.08 0.13 0.02 53.36 0.62 
3 col 0.01 0.00 2.65 2.81 0.05 0.04 0.02 58.00 0.84 
1org 0.00 0.00 0.75 0.27 0.80 0.09 1.07 8.00 2.03 
1 col 0.00 0.00 0.91 1.05 0.06 0.08 0.07 7.00 2.56 
2org 0.00 0.00 0.25 0.25 0.05 0.04 0.18 18.00 1.36 
2 col 0.00 0.00 0.83 0.38 0.03 0.06 0.03 11.00 10.73 
3org 0.06 0.00 0.22 0.25 0.19 0.11 0.85 6.00 2.29 
5 
0.02 0.02 15.00 2.29 3 col 0.00 0.00 0.84 0.40 0.02 
1org 0.00 0.00 1.00 0.54 0.39 0.05 0.40 1.98 24.12 
1 col 0.00 0.00 1.76 0.73 0.22 0.07 0.12 1.30 8.60 
2org 0.01 0.00 0.62 0.45 0.16 0.07 0.26 12.78 40.54 
2 col 0.00 0.00 0.07 0.16 2.78 9.40  1.16 0.88 0.19 
3org 0.00 0.00 6.42 5.30 0.91 0.14 0.14 2.30 10.83 
6 
3 col 0.00 0.00 0.30 0.15 0.02 0.03 0.07 0.51 1.37 
1org 0.01 0.00 0.22 0.14 0.33 0.16 1.46 17.16 0.47 
1 col 0.02 0.0 0 0.07 1.00 21.23 0.86 0 0.13 .22 0.13 
2org 0.01 0.00 0.52 0.24 0.17 0.12 0.33 24.24 0.98 
2 col 0.00 0.00 0.15 0.10 0.05 0.06 0.36 11.42 1.08 
3org 0.00 0.00 0.81 0.31 0.03 0.06 0.04 7.14 0.31 
7 
0.06 0.05 18.98 0.92 3 col 0.00 0.00 0.64 0.22 0.03 
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Al Fe Mg Na Ca K 
Column Sample 
meq/100g 
Ca:Mg 
ratio 
ECEC 
eq/100gm  
ESP 
% 
1org 0.00 0.00 0.13 0.45 0.04 0.03 0.30 13.17 2.94 
1 col 0.00 0.00 1.76 0.88 0.22 0.07 0.12 6.16 56.26 
2org 0.01 0.00 0.62 5.30 0.16 0.07 0.26 8.20 39.12 
2 col 0.00 0.00 1.16 0.15 0.19 0.07 0.16 21.30 3.86 
3org 0.00 0.00 6.42 0.73 0.91 0.14 0.14 31.36 0.56 
8 
3 col 0.00 0.00 0.30 0.00 0.02 0.03 0.07 7.08 0.00 
1org 0.00 0.00 0.12 0.10 0.17 0.06 0.45 8.92 0.74 
1 col 0.01 0.00 0.05 0.07 0.07 0.06 0.25 4.14 0.75 
2org 0.00 0.00 0.05 0.06 0.02 0.07 0.21 3.06 0.96 
2 col 0.00 0.00 0.69 0.31 0.04 0.03 1.07 5.07 1.20 
3org 0.00 0.00 0.02 0.04 0.00 0.08 0.15 21.48 1.29 
9 
3 col 0.00 0.00 1.03 0.35 0.02 0.06 1.45 29.03 1.12 
1org 0.00 0.00 0.20 0.10 0.38 0.06 1.88 7.38 1.19 
1 col 0.00 0.00 0.21 0.20 0.20 0.07 0.91 10.07 1.94 
2org 0.00 0.00 0.64 0.26 0.02 0.09 0.03 9.99 0.98 
2 col 0.00 0.00 0.04 0.07 0.04 0.00 1.11 6.82 1.45 
3org 0.00 0.00 0.71 0.13 0.06 0.09 0.09 7.65 0.64 
1  0
3 col 0.00 0.00 0.06 0.04 0.02 0.02 0.32 5.63 0.58 
1org 0.00 0.00 0.11 0.11 0.09 0.02 0.86 3.30 1.09 
1 col 0.01 0.00 0.10 0.11 0.05 0.00 0.50 7.47 2.39 
2org 0.01 0.00 0.34 0.36 0.03 0.01 0.10 22.75 4.35 
2 col 0.01 0.01 0.16 0.17 0.03 0.00 0.18 2.77 4.22 
3org 0.00 0.00 1.08 1.14 0.04 0.02 0.03 3.70 2.35 
1  1
3 col 0.00 0.00 0.63 0.66 0.03 0.01 0.05 13.26 2.66 
1org 0.00 0.00 0.15 0.09 0.07 0.01 0.48 3.27 1.95 
1col 0.01 0.00 0.12 0.18 0.04 0.00 0.31 8.10 2.14 
2org 0.01 0.00 0.53 0.19 0.06 0.01 0.11 30.76 1.04 
2 col 0.00 0.00 0.61 0.15 0.03 0.00 0.04 3.48 2.63 
3org 0.00 0.00 2.59 0.38 0.06 0.04 0.02 7.77 1.03 
1  2
3 col 0.00 0.00 0.81 0.13 0.03 0.01 0.04 9.83 0.59 
 
 
Table D1 – Effluent data analysis for Soil Column No. 1 
umn 1 (Yellow osol) Col Kur
Sampling 
Point Dates 
No. of 
Samples 
Effluent 
Added 
(mL) 
pH NH3-N PO4
3+ EC TCOD Nitrogen Removal 
Phos. 
Removal 
EC 
Reduction remova
l mg/L mg/L µs/cm mg/L % % % 
TCOD 
% 
Average Initial Effluent 
Quality 6 5000  8 8.8 1.00 980 192    
1 12/12/2002 1 120 65 7.5 4.1 0.08 509 67 53 92 48 
1 15/01/2003 1 120 66 6.9 3.8 0.08 520 65 57 92 47 
1 25/01/2003 1 120 7.1 3.9 0.09 518 48 56 91 47 75 
1 28/02/2003 1 120 5.5 2.9 0.07 480 60 56 93 51 69 
2 13/12/2002 1 40 81 6.6 0.7 0.01 483 37 92 99 51 
2 25/03/2003 1 60 5.8 0.9 0.01 468 25 69 99 52 87 
2 12/04/2003 1 40 5.9 1.1 0.02 388 19 88 98 60 90 
2 31/07/2003 1 60 93 6.2 1.0 0.03 276 14 76 97 72 
2 7/09/2003 1 100 6.5 1.2 0.04 148 10 68 96 85 95 
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Table E1 – F ow Kurosol)  
Acc. 
Days 
 
Date 
 
 
Feed 
 
Acc. First 
Sample 
Poi
Se
S Sam
Po
Sampl
Poi
Pond. 
Time 
day
 
Volume 
aila
mL 
Effluent 
ate 
L 
Wetting
nt 
 
Travel 
eeding and effluent collection for Soil Column No. 1 (Yell
mL
 
Feed 
mL nt 
cond Third Fourth 
ample 
Point 
ple 
int 
ing 
t n s 
Av ble Satur
m
Poi
Days
Distance 
mm 
0 10/10/2003 0 0      471    
2 12/12/2002 12 12 3    0 0  40    
3 002 240 36 1    3 13/12/2 0 20    110 
4 002 120 48     14/12/2 0      
10 002 120 60      20/12/2 0      
12 002 120 72      22/12/2 0      
13 002 120 84      23/12/2 0      
23 00 120 96      2/01/2 2 0      
41 003 120 1080 1      21/01/2 20     
45 03 300 1380      2024/01/      
48 27/01/2003 120 1500 120         
76 25/02/2003 200 1700 120(shut down)        
99 28/03/2003 300 2000  60      108 415 
135 3/05/2003 400 2400  40        
172 10/06/2003 400 2800          
217 25/07/2003 400 3200          
240 18/08/2003 400 3600  60        
241 19/08/2003 200 3800          
279 25/09/2003 400 4200          
303 18/10/2003 200 4400  100        
317 31/10/2003 300 4700          
337 20/11/2003 300 5000          
 Total 5000  480 300     1470   
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Table D2 – Effluent data analysis for Soil Column No. 2 
Column 2 (Red Ferrosol) 
Sampling
Point Dates 
No
Samples 
ent
ed 
(mL) 
 -N 
3+
/L 
 
O
mg/L 
g
mova
% 
os
emov
% 
educ
% 
TCOD 
removal 
% 
 . of Efflu  Add pH NH
PO4
mg EC µs/cm 
TC D Nitro en l 
Ph
RRe
. 
al R
EC 
tion 3mg/L 
Average In al E
Quality 60 8 .8 1 0 192 0 0 0 0 
iti ffluent 6 48 8 98
1 23/0 00 9 .1 05 0 53 7.50 95 2. 72.40 1/2003 1 1 6.3 1 0. 96 8 04 
1 27/0 10 2 .2 04 0 45 6.36 96 9. 76.56 2/2003 1 1 6. 1 0. 89 8 18 
1 18/0 20 5 1 06 0 48 8.64 94 6. 75.00 3/2003 1 1 6. 0. 92 8 12 
1 12// 60 9 .7 07 5 38 2.05 93 14.8 80.21 04/2003 1 5. 0 0. 83 9 0 
1 26/06/2003 1 70 2 .9 05 3 22 9.77 95 55.82 88.54  6. 0 0. 43 8
1 19/06/2003 1 60 5 1 07 6 20 8.64 93 69.80 89.58  6. 0. 29 8
1 3/11/2003 1 50 8 .2 03 2 21 6.36 97 68.16 89.06  5. 1 0. 31 8
2 20/04/2003 1 60 5 .1 01 5 10 8.86 99 94.39 94.79  5. 0 0. 5 9
2 19/05/2003 1 40 1 .1 01 3 9 8.86 99 93.57 95.31  5. 0 0. 6 9
2 18/ 40 09 0.01 9 10 8.98 99 97.04 94.79 06/2003 1 4.8 0. 2 9
2 19/ 30 9 13 0.01 3 12 8.52 96.6 93.75 09/2003 1 4. 0. 3 9 99 3 
1 3/11/2003 1 30 7 01 0 7 3 9.89 10 99.29 98.44  4. 0. 9 0 
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Table E2 – d Ferrosol)  
Acc. 
Days Date 
Feed 
mL 
Acc. 
Feed 
mL 
First 
Sample 
Second 
Sample 
Point Point Point 
Pond. 
Time 
 days 
Volume 
Available 
Effluent 
Saturate 
Wetting 
Point 
Days 
Travel 
Distance 
Feeding and effluent collection for Soil Column No. 2 (Re
Point 
Third 
Sample 
Fourth 
Sampling 
mm mL mL  
0 12/12/   2002  0     0    
1 12/12/2002 12   2     0 120   
2 13/12/2002 120 24      0     
3 14/12/2002 80 320          
10 20/ 120 440    12/2002       
13 22/ 120 560    12/2002       
14 23/ 100 660    12/2002       
18 26/ 100 760 15   12/2003     18 150 
45 21/ 200 960   01/2003 100       
51 27/0 220 180    1/2003 1       
71 15/0 220 400    2/2003 1       
88 2/03 180 580   /2003 1 110       
1 23/0 200 780    10 3/2003 1 120      
1 10/0 200 980     30 4/2003 1      
1 25/0 200 180   47 4/2003 2 60 60    147 450 
1 18/0 200 380    71 5/2003 2 40      
1 19/05 160 540     72 /2003 2      
186 2/06/ 3 200 2740     200      
203 18/06/2003 200 2940  40        
216 30/06/2003 150 3090 70         
229 12/07/2003 150 3240          
249 30/07/2003 200 3440          
268 18/08/2003 120 3560          
269 19/08/2003 100 3660 60         
288 7/09/2003 200 3860          
300 18/09/2003 200 4060  30        
315 30/10/2003 200 4260          
316 31/10/2003 200 4460          
323 7/11/2003 200 4660 50  30     323 810 
337 20/11/2003 200 4860          
 178
Table D3 – Effluent data analysis for Soil Column No. 3 
Colum miaqu sol) n 3 (Se aic Podo
Sam
Point 
pling
 
Dates No
Ef
ad
(mL) 
p
NH3
mg/
 
PO43
mg/L 
 
µs/cm 
D Re l 
% 
Re
% % % 
 . of 
Samples 
fluent 
ded H 
-N 
L 
+ EC TCO
mg/L 
Nitrogen 
mova
Phos. 
moval 
EC 
Reduction 
TCOD 
removal 
Averag
luen 4800 00 8.80 1 80 1 0.00 0.00 0.00 
e Initial 
Eff t Quality 4  8. 9 92 0 
4 00 12 50 2.00 0.18 45 47.0 77.3 82 54.6 75.5 14/12/2 2 1 0 4. 4 .0 
4 003 24 60 0.70 0.62 .3 53.0 92.0 38 98.3 72.4 16/12/2  2 0 3. 16 .0 
4 00 12 80 0.60 1.29 34 56.0 93.2 -29. 86.3 70.8 18/12/2 3 1 0 3. 1 0 
4 00 24 95 2.80 0.70 1 90 68.0 68.2 30 -11.2 64.6 20/12/2 3 2 0 3. 0 .0 
3 00 12 75 3.90 42.5 1 55 66.0 55.7 -41 -7. 627/12/2 3 1 0 5. 0 45 65 5.6 
3 00 12 05 2.30 42.5 68 72.0 73.9 -41 1.22 62.5 28/12/2 3 1 0 4. 9 45 
3 00 12 24 10.0 44.4 60 91.0 -13.6 -43 42.9 52.6 2/01/2 3 1 0 4. 5 39 
3 00 12 08 8.80 0.00 67 82.0 0.00 -900 11.5 57.3 4/01/2 3 1 0 4. 1 8
3 00 12 05 7.00 5.75 1 07 68.0 20.5 -475 -2.76 64.6 6/01/2 3 1 0 4. 0
3 200 12 16 7.80 8.56 77 55.0 11.4 -756 0.31 71.4 10/01/ 3 1 0 4. 9
2 00 12 79 54.0 9.22 78 99.0 -513.6 -822 51.22 48.4 12/01/2 3 1 0 4. 4
2 00 12 22.0 8.83 70 67.0 -150.0 -783 1 614/01/2 3 1 0 4.43 8 1.2 5.1 
2 00 12 36.0 7.91 1 23 79.0 -309.1 -691 -4 9 58.9 15/01/2 3 1 0 4.48 0 .3
2 00 12 38.0 11.2 1 02 63.0 -331.8 -10 -2.24 67.2 16/01/2 3 1 0 4.68 0 20 
2 200 12 87 59.0 13.8 87 109 -570.5 -12 -0.71 43.2 17/01/ 3 1 0 4. 9 81 
2 200 12 41.0 7.60 42 129 -365.9 -660 3.88 32.8 18/01/ 3 1 0 4.38 9
1 00 12 23.0 2.20 70 120 -161.4 -120 11.2 37.5 21/01/2 3 1 0 5.60 8
1 00 12 80 48.0 1.10 60 127 -445.5 -10. 22.4 33.9 24/01/2 3 1 0 5. 7 0 
1 00 12 92 43.0 0.90 99 123 -388.6 10 18.5 35.9 29/01/2 3 1 0 5. 7 .0 
1 00 12 01 36.0 2.80 40 119 -309.1 -180 14.3 38.0 6/02/2 3 1 0 6. 8
1 00 12 82 26.0 1.40 55 134 -195.5 -40. 12.8 30.2 7/02/2 3 1 0 5. 8 0 
1 00 12 10 49.0 0.89 01 139 -456.8 11 8.06 27.6 8/02/2 3 1 0 6. 9 .0 
1 00 12 54.0 0.64 70 127 -513.6 36 11.2 33.9 9/02/2 3 1 0 5.95 8 .0 
1 00 12 61.0 1.03 10 135 -593.2 -3 7.14 29.7 10/02/2 3 1 0 5.50 9 .0 
1 00 12 60 59.0 2.10 96 108 -570.5 -110 8.57 43.8 11/02/2 3 1 0 5. 8
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Table E3 – Fee quaic Podosol)  
Date Feed m
Acc. 
eed
L 
First 
ple 
oint 
Sa
P
Sa Sa  
Pond. Volume Effluent Wetting P Travel Di
ding and effluent collection for Soil Column No.3 (Semia
Acc. 
Days L Fm
 Sam
P
Second Third Fourth 
mple 
oint 
mple 
Point 
mpling
Point 
Time 
days 
Available
mL 
Saturate 
mL 
oint 
Days 
 
stance 
mm 
0 10/12/2002 0      1    0 47
2 14/12/2002 240 240    120      
4 16/12/2002 240 480    240      
6 18/ 240 7212/2002 0    120      
8 20/ 240 96 240(12/2002 0    shut)      
15 27/ 240 1200 12/2002   120       
16 28/ 240 1440 12/2002   120       
20 2/ 240 1680 01/2003   120       
22 4/ 240 1920 01/2003   120       
26 6/ 240 2160 01/2003   120       
30 10/ 240 2400 12001/2003   (shut)       
32 12/ 240 2640 101/2003  20        
34 14/ 240 2880 101/2003  20        
37 15/ 240 3120 101/2003  20        
38 16/ 240 3360 101/2003  20        
39 17/ 240 3600 101/2003  20        
40 18/ 120 3720 120(sh01/2003  ut)        
42 21/ 120 3840 1201/2003 0         
45 24/ 120 3960 1201/2003 0         
50 29/ 120 4080 1201/2003 0         
56 6/ 120 4200 1202/2003 0         
57 7/ 120 4320 1202/2003 0         
58 8/ 120 4440 1202/2003 0         
59 9/ 120 4560 1202/2003 0         
60 10/ 120 4680 1202/2003 0         
61 11/ 120 4800 oppe02/2003 120(st d)         
  4800  108 7 1 0 20 720 720   560   
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Table D4– Effluent data analysis for Soil Column No. 4  
Column 4 (Brown Kurosol) 
Sampli
Point Da
No.
Samples 
t 
) 
NH
mg/L 
PO4
mg/L 
EC 
µs/cm 
OD
mg/L 
tr
m
% 
o
mo
% 
C 
uc
% 
TC
em
% 
ng tes  of 
Effluen
a d dde
(mL
pH 3-N 
3+ TC  NiRe
ogen 
ova
Ph
el R
s. 
val 
E
Red tion r
OD 
oval 
Average Initial 
Effluent Qu t  8. 80 1.00 980 192 0.00 0.00 0.00 0.00 ali y 6 5520 00 8.
1 / 0 5. 50 0.63 19 .0 83.0 37.0 80.2 71.9 12 12/2002 1 11 60 1. 4 54
1 / 0 6. 10 0.25 44.0 87.5 75.0 25.8 77.1 16 12/2002 1 12 99 1. 727 
1 / 0 6. 40 0. .2 43.0 95.5 77.0 92.4 77.6 23 01/2003 1 10 02 0. 23 74
1 / 0 6. 45 0. .8 37.0 94.9 72.0 96.0 80.7 25 02/2003 1 10 63 0. 28 38
1 0  5. 60 0. .9 25.0 93.2 48.0 97.7 87.0 2/ 3/2003 1 60 80 0. 52 22
1 /0  6. 80 0. .0 22.0 90.9 70.0 96.9 88.5 20 8/2003 1 80 20 0. 30 30
2 /1  5. 10 0 12.0 5.0 98.9 99.0 98.8 97.4 18 1/2003 1 40 60 0. .01 
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Table E4 – F wn Kurosol) 
Acc. 
Days 
 
Date 
 
Feed Acc. Feed 
mL 
Firs
Sample 
Poin
Sample 
oint
Sample 
oint 
ourth 
Sampling 
Poin
Pond.
Time 
ys
Volume 
Available
Effluent 
Saturate 
Wetting
Point 
ys 
Travel 
Distance 
eeding and effluent collection for Soil Column No. 4 (Bro
mL 
t Second Third F
t P  P t da  mL mL Da mm 
0  6.    0      70 5  
1 12/12/2002 0 120 110    3   80 12 2 
2 13/12/20 36        02 240 0   
3 15/1 003 24 60        2/2 0 0   
12 23/1 002 24 84 12       2/2 0 0 0   
22 2/0 003 24 1080        1/2 0   
41 21/0 003 24 1320        1/2 0   
75 25/0 003 50 1820 10       2/2 0 0   
108 28/0 003 50 2320 10       3/2 0 0   
143 3/0 003 50 2820        5/2 0   
179 10/06/ 03 500 3320       20 60   
223 25/07/2003 400 3720          
246 18/08/2003 300 4020          
247 19/08/2003 300 4320          
281 25/09/2003 300 4620 80         
304 18/10/2003 300 4920          
317 31/10/2003 300 5220          
337 20/11/2003 300 5520  40      330 390 
 Total  5520 460 40     2270.00   
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Table D5 – Effluent data analysis for Soil Column No. 5  
Column 5 Chro (Red mosol) 
Sampling
Point Dates 
No. o
Samples 
Ef
(mL)
 
 
  
D oval 
. 
oval 
%
EC 
uctio
TCOD 
moval 
 
 f fluent collected
 
pH 
NH -N3
mg/L PO4
3
mg/L
+ EC 
µs/cm 
TC
mg/L 
O  Nitrogen PhosRemRem
%  
Red n re
% %
Average Initial 
Effluent Qu y  8.00 8.  1 98  192 00 0 0. 00 alit 6 5610 80 0 0. 00 0.
1 1 1 7.70 2.  0.  69  4.0 .6 32 29.3 51.0 13/ 2/2002 120 50 68 3 9 71
1 1 1  3.  0.  77  7.0 .0 35 20.6 75.5 17/ 2/2003 110 7.37 70 65 8 4 58
1 1/ 1 7.02 4.  0.  70  5.0 .4 39 28.2 76.6 8/0 2003 100 10 61 4 4 53
1 0 1 6.85 3.  0.  69  5.0 .8 42 28.7 66.1 14/ 1/2003 80 80 58 9 6 56
1 0 1  2.  0.  74  6.0 .0 51 24.5 65.6 20/ 1/2003 100 6.90 90 49 0 6 67
1 2 1  1.  0.  67  4.0 .5 34 30.8 71.9 2/0 /2003 60 7.02 80 66 8 5 79
1 07/ 1 6.90 2.  0.  45  2.0 .1 68 53.5 83.3 18/ 2003 100 10 32 6 3 76
1 10 1  1.  0.  49  8.0 .0 78 49.2 80.2 2/ /2003 80 6.60 50 22 8 3 83
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Table E5 – F Chromosol) 
 
Acc. 
Days Date  
Feed 
mL 
Acc. First 
Sample 
Po
S
Sa l Sample 
P
Sampling 
P
Pond. 
Time 
Volume 
Av
Effluent 
Satu
Wetting 
Poin
Travel 
Dista
m
eeding and effluent collection for Soil Column No. 5 (Red 
  
Feed 
mL int 
econd Third Fourth 
mp e 
Point oint oint days 
ailable
mL 
rate 
mL 
t 
Days 
nce 
m 
0 10/12/20   03 120 120     785    
2 12/12/2002 24 0 120    3 2 10 0 36   
5 15/12/2003   240 600         
10 20/12/2002 240 8 140 10         
12 002 120 922/12/2 60          
13 2002 120 1023/12/ 80 100         
40 003 240 1321/01/2 20 80         
45 003 240 1527/01/2 60 100         
73 2003 500 2025/02/ 60 60         
103 003 500 2528/03/2 60          
139 003 500 303/05/2 60          
17 2003 400 3466 10/06/ 0          
221 25/07/2003 400 3860 100         
244 18/08/2003 400 4260          
281 25/09/2003 350 4610          
304 18/10/2003 350 4960 80         
317 31/10/2003 350 5310  10      317 40.5 
337 20/11/2003 300 5610          
 Total   750 10     2100   
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Table D6 – Effluent data analysis for Soil Column No. 6  
Column 6 (Brown Sodosol) 
Samp
Point Dates 
No. 
Sampl
E t  
   
D
L 
en
al al 
 
c
D 
val ling of es 
ffluen
a d dde
(mL) 
pH NH -N3mg/L
PO 3+4
mg/L
EC 
µs/cm
TCO  Nitrogovmg/
 Phos. 
Remov
% 
Rem
% 
E
Redu
%
C
tion 
TCO
remo
 % 
Average Initial 
Effluent uality   8.80 1.00 98 92 0. 0 0. 0 .00 0.00  Q 6 4080 8.00 0 1 0 0 0
1 28/0   2.50 0.58 48 .0 71 9 4 .0 0.2 64.6 2/2003 1 120 6.91 8 68 .5 2 5
1 5/0 0 6.45 1.90 0.34 39 .0 78 1 6 .0 .69 75.5 3/2003 1 11 5 47 .4 6 59
1 15/0   1.20 0.48 51 .0 86 6 5 .0 .96 75.0 3/2003 1 100 6.72 0 48 .3 2 47
1 5/0   2.10 0.51 13 .0 76 4 4 .0 .12 84.9 4/2003 1 80 7.01 6 29 .1 9 86
1 22/0   1.70 0.12 88.0 20.0 8 .5 7 .2 9.8 .11 9/2003 1 80 6.60 3 4 9 90
2 18/0   0.50 0.09 98.0 12.0 94 2 9 .0 0.0 93.8 3/2003 1 80 6.20 .3 1 9
3 25/0  12 0.10 0.01 1.3 00 98 6 9 .0 .86 97.9 3/2003 1 60 5. 6 4. .8 9 99
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Table E6 – F wn Sodosol) 
Acc. 
Days Date Feed mL 
Acc. 
Feed 
First 
Sample 
Point 
Sample Sample 
th 
Sampling
 
Pond. 
Time 
Volume 
Available
Effluent 
Saturate 
Days 
Wetting 
Travel 
Distance 
eeding and effluent collection for Soil Column No. 6 (Bro
mL 
Second Third Four
Point Point Point days mL mL Point mm 
0 10/  0      12/2002 120 12 314    
2 12/12/2002 12 0       2 0 0 24 2 13
10 20/12/2002 24       0 480    
12 22/12/2002 240       720    
13 2 240       3/12/2002 960    
41 240       21/01/2003 1200    
47 240       27/01/2003 1440    
75 240 16    25/02/2003 80 120      
101 240 19     21/03/2003 20 110 80  101 430 
141 240 21       3/05/2003 60 100   
178 10/06/2003 240 24 80       00   
199 1/07/2003 240 2640   60     199 800 
238 10/08/2003 240 2880          
247 19/08/2003 240 3120          
265 7/09/2003 240 3360          
306 18/10/2003 240 3600 80         
325 7/11/2003 240 3840          
338 20/11/2003 240 4080          
 Total   490 80 60    700   
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Table D7 – Effluent data analysis for Soil Column No. 7  
Column 7 ( KuBrown rosol) 
Sa g
Point Dates Samples 
E t 
 
(
Re l Re l R n mplin No. of 
ffluen
added
mL) 
pH 
NH3-N 
mg/L 
 
PO 3+4
mg/L 
EC TCOD 
mg/L 
Nitrogen 
mova
% 
Phos. 
mova
% 
EC 
eductio
% 
TCOD 
removal 
% µs/cm 
Averag n
Efflue 8.00 8.80 1.00 980 192.0 0. 0.00 0.00 0.00 
e I itial 6 6080 00 nt Quality 
1 7.33 2.20 0.08 395 6.00 75.0 92.0 59.7 96.9 12/12/2002 1 120 
1 6.92 2.20 0.08 439 8.00 75.0 92.0 55.2 95.8 13/12/2002 1 120 
1 7.02 1.90 0.07 382 12.0 78.4 93.0 61.0 93.8 7/01/2003 1 120 
1 7.01 1.80 0.10 312 34.0 79.5 90.0 68.2 82.3 20/01/2003 1 120 
1 2.10 0.30 284 24.0 76.1 70.0 71.0 87.5 28/01/2003 1 120 6.80 
1 2 0.30 388 22.0 75.0 70.0  22/02/2003 1 100 6.80 .20 60.4 88.5 
1 5/03/2003 1 110 6.50 2 01 0.50 411 16.0 77.2 50.0 .1 91.7 . 58
1  1.10 0.30 311 19.0 87.5 70.0 68.3 90.1  4/05/2003 1 120 6.60 
2 28/03/2003 1 60 5 50 1.00 0. 332 17.0 88.6 80.0 . 20 66.1 91.1 
2  5.90 0.70 0.11 121 2.00 92.0 89.0 .7 99.0  25/04/2003 1 100 87
2 6.01 1.00 0.40 150 10.0 88.6 60.0 84.7 94.8  1/07/2003 1 80 
2 15/09/2003 1 60 5.80 1.30 0.32 110 15.0 85.2 68.0 88.8 92.2 
3  4 0.01 0.10 4.36 1.00 99.9 90.0 99.6 99.5  25/04/2003 1 30 .50 
3 31/10/2003 5 10 0.02 0.08 26.0 6.00 99.8 92.0 97.3 96.9 1 40 .
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Table E7 – F n Kurosol) 
Acc. 
Days Date 
Feed 
mL 
Acc. First 
Sample 
Point 
S
 Pond. 
Time 
Volume Effluent Wetting Travel 
D
eeding and effluent collection for Soil Column No. 7 (Brow
Feed 
mL 
Second 
ample 
Third 
Sample 
Fourth
Sampling
Point Point Point days 
Available
mL 
Saturate 
mL 
Point 
Days 
istance 
mm 
0 10/ 2      10/200 240 240  785    
2 12/12/2003 240  120    2   2 2 480 1
3 13/12/2002 240 720 120         
6 16/12/2003 240 960          
7 0 117/12/2002 24 200 120         
10 0 120/12/2002 24 440          
12 0 122/12/2002 24 680          
13 0 223/12/2002 40 080          
16 0 226/12/2002 40 480 120         
41 0 221/01/2003 40 880 120       41 42 
107 2 0 38/03/2003 40 280 110 60        
142 0 363/05/2003 40 80 100  30     107 80 
178 0 410/06/2003 40 080 120         
199 0 441/07/2003 40 80  100        
246 0 4818/08/2003 40 80          
276 0 5218/09/2003 40 80  80        
318 0 5631/10/2003 40 80  60 40       
33 0 6088 20/11/2003 40 0          
 Total   930 300 70    2030   
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Table D8 – Effluent data analysis for Soil Column No. 8  
Column 8 ( DerBrown mosol) 
Sa g
 
Dates f Samples 
t 
d 
(m
T Re l 
% 
Re l 
% 
Re n 
% % 
mplin
Point No. o
Effluen
adde
L) 
pH NH3-Nmg/L 
 PO43+
mg/L 
EC 
µs/cm 
COD
mg/L 
 Nitrogen mova
Phos. 
mova
EC 
ductio
TCOD 
removal 
Averag n
Effluen 8.8 1 980 192 0.00 0.00 0.00 00 
e I itial 
t Quality 6 7020 8 0.
1 6.41 1.5 0.08 24 8 82.95 92 97.55 95.83 12/12/2002 1 120 
1 2.2 0.08 126 11 75.00 92 87.14 94.27 18/12/2002 1 120 6.22 
1 6.72 1.1 0.09 98 12 87.50 91 90.00 93.75 20/01/2003 1 100 
1 6.8 1.9 0.1 87 18 78.41 90 91.12 90.63 13/02/2003 1 100 
1 6.5 1.3 0.15 168 6 85.23 85 82.86 96.88 5/03/2003 1 110 
1 2.1 0.21 320 10 76.14 79 67.35 94.79 1/06/2003 1 120 6.2 
1 1.8 0.08 168 15 79.55 92 82 922/08/2003 1 120 6.7 .86 .19 
1 0.2 110 22 78.41 80 88.78 88.54  10/09/2003 1 120 7.01 1.9 
1 1.3 0. 132 16 85.23 89 8 91 18/10/2003 1 120 6.8 11 6.53 .67 
2 0.5 0.01 36 7 94.32 99 96.33 96.35  20/04/2003 1 40 5.72 
2 10/06/2003 1 120 5.32 0.09 88 13 87.50 91 91.02 93.23 1.1 
2 5.18 0.9 0.01 100 6 89.77 99 89.80 96.88  20/07/2003 1 120 
2 5.34 0.02 54 10 92.05 98 94.49 94.79  2/10/2003 1 120 0.7 
2 4. 0. 23 8 87.50 99 97.65 95.83  18/11/2003 1 60 9 1.1 01 
3 5.1 0.4 0.01 20 5 95.45 99 97.96 97.40  18/11/2003 1 60 
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Table E8 – Fe n Dermosol) 
Acc. Date Feed mL 
Acc. 
Feed 
First 
Sample 
Point 
Sample Sample Sampling
Pond. 
Time 
Volume 
Available
Effluent 
Saturate 
Days 
Wetting 
Travel 
Distance 
eding and effluent collection for Soil Column No. 8 (Brow
Days mL 
Second Third Fourth 
Point Point Point days mL mL Point mm 
0 12/20010/ 2       120 120 1020.5    
1 11/12/2002 24 0 120       2 80 0 36
2 12/12/2002 24 120 600 0    3     
3 13/12/2003 240 840          
7 40 117/12/2002 2 080          
23 40 12/01/2003 2 320 100         
36 00 115/01/2003 5 820 100         
46 00 225/01/2003 5 320          
79 00 228/02/2003 5 820 110         
114 00 3   3/04/2003 5 320  40    114 380 
147 00 37/05/2003 5 820          
180 00 410/06/2003 4 220 120 120        
224 00 25/07/2003 4 4620  120        
247 00 518/08/2003 4 020 120          
248 00 519/08/2003 4 420          
282 00 525/09/2003 4 820 120         
305 00 18/10/2003 4 6220  120        
318 00 6631/10/2003 4 20 120         
33 0 70 60 60 0 0 8 20/11/2003 40 20      33 84
 Total  7020 1030 460 60    2720   
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Table D9 – Effluent data analysis for Soil Column No. 9  
Column 9 (  DerYellow mosol) 
Sa g  t 
(
T R R  mplinPoint Dates 
No. of
Samples 
Effluen
a d dde
mL) 
pH NH -N 3mg/L 
PO 3+4
mg/L 
EC 
µs/cm 
COD 
mg/L 
Nitrogen 
Re l mova
% 
Phos. 
emoval 
% 
EC 
e nductio
% 
TCOD 
removal 
% 
Averag n
Effluen 8.80 1.00 980 192 0.00 0.00 0.00 0
e I itial 
t Quality 6 6360 8.00 .00 
1 89 3.70 0.08 508 47.0 58.0 92.0 48.2 75.5 11/12/2002 1 120 6.
1 6.92 4.80 0.08 467 53.0 45.5 92.0 52.3 72.4 12/12/2002 2 240 
1 12/01/2003 1 120 7.0 1.00 0.08 572 58.0 88.6 92.0 41.6 69.8 0 
1 1.90 0.09 482 49.0 78.4 91.0 50.8 74.5 17/01/2003 1 120 6.94 
1 89 1.80 0.12 522 42.0 79.5 88.0 46.7 78.1 22/01/2003 1 120 6.
1 6.8 1.90 0.09 466 51.0 78.4 91.0 52.4 73.4 25/02/2003 1 120 0 
1 6/05/2003 2 240 6.50 2.1 0.38 365 42.0 76.1 62.0 62. 78.0 8 1 
1 25/08/2003 1 120 6.80 1.30 0.22 387 38.0 85.2 78.0 .5 .2 60 80
2 6.3 0.6 0.01 288 12.0 93.2 99.0 70.6 93.8  4/03/2003 1 40 0 0 
2 0.01 150 10.0 96.6 99.0 84.7 94.8  30/03/2003 1 80 5.90 0.30 
2 6.2 40 0.01 126 15.0 95.5 99.0 87.1 92.2  30/06/2003 1 60 0 0.
2 70 0.60 0.02 160 8.0 93.2 98.0 83.7 95.8  19/08/2003 1 100 5.
2 6.0 0.70 0.03 110 17.0 92.0 97.0 88.8 91.1  15/09/2003 1 100 0 
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Table E9 – Fe w Dermosol) 
Acc. 
ys Date 
Feed 
 
Acc. First 
Sample 
Po
Sample Sample
P
Sampling 
Poi
Pond.
Time 
da
Volume 
Avai
m
Effluent 
ur
m
Wetting
Point 
a
Travel 
stanc
 
eding and effluent collection for Soil Column No. 9 (Yello
Da mL Feed mL int 
Second Third Fourth 
Point oint nt ys 
lable
L 
Sat ate 
L D ys 
Di
mm
e 
0 10/12/2002 12 0      1020   0 12 .5  
2 12/12/2002 2 1   2 50 40 360 20     
3 13/12/2002 240 60 2     0 40     
4 15/12/2003 240 84 1     0 20     
13 23/12/2002 240 10     80     13  
23 2/01/2003 240 13 1     20 20     
42 21/01/2003 240 15     60      
76 25/02/2003 500 20 1     60 20     
10 003 500 25 1     9 28/03/2 60 20 40    
14 00 500 30   144 360 4 3/05/2 3 60  80    
18 003 500 356 2     0 10/06/2 0 40     
22 003 400 396     4 25/07/2 0  60    
24 003 400 436     7 18/08/2 0      
24 003 400 47 1     8 19/08/2 60  00    
28 003 400 51 120(sh     2 25/09/2 60 ut)     
30 2003 400 556      5 18/10/ 0     
318 31/10/2003 400 5960  100        
338 20/11/2003 400 6360          
 Total  6360 1200 380     2030.00   
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Table D10 – Effluent data analysis for Soil Column No. 10  
Column 10 (Yellow Chromosol) 
Sampli
Point Da
No.
Samples 
t 
) 
 3+ O
mg/L 
g
ov
% 
s
ov
% 
E
du
% 
COD 
removal 
% 
ng tes  of 
Effluen
collected
(mL
pH NH -N3mg/L 
PO4
mg/L 
EC 
µs/cm 
TC D Nitroem
en 
al 
Pho
RemR
. 
al Re
C 
ction 
T
Averag
Effluent Qu t 0 0 8. 0 00 0 192 0.00 0.00 0. 0.00 
e Initial 
ali y 6 636 8.0 8 1. 98 00 
1 /1 0 2 5. 0 78 4 54.0 35.2 22.0 31.2 71.9 12 2/2002 1 12 7.1 7 0. 67
1 /1 0 7. 0 5. 0 58 8 74.0 40.9 42.0 49.2 61.5 12 2/2002 2 24 1 2 0. 49
1 0 0 7. 0 4. 0 54 .0 52.3 46.0 41.6 54.2 7/ 1/2003 1 10 2 2 0. 572 88
1 /01 0 2 2. 0 58 6 72.0 73.9 42.0 50.4 62.5 20 /2003 1 12 7.0 3 0. 48
1 0 0 6. 9 1. 0 68 8 66.0 79.5 32.0 50.2 65.6 5/ 2/2003 1 10 9 8 0. 48
1 /0 0 0 2. 0 88 7 45.0 67.0 12.0 42.1 76.6 25 2/2003 1 11 6.8 9 0. 56
1 / 0 7. 2 0 70 9 40.0 65.9 30.0 59.3 79.2 20 05/2003 1 12 1 3.0 0. 39
1 /08 0 6. 8 0 60 2 45.0 75.0 40 46 76.6 1 /2003 1 12 8 2.2 0. 52 .0 .7 
2 /0 0 0 1. 0 09 0 20.0 87.5 91.0 67.3 89.6 7 3/2003 1 8 6.1 1 0. 32
2 /0 0 5. 0 0 08 8 18.0 89.8 92.0 70.6 90.6 20 3/2003 1 8 8 0.9 0. 28
2 /0 0 6. 0 0. 0 09 0 22.0 90.9 91.0 72.4 88.5 3 5/2003 1 6 2 8 0. 27
2 /0 0 6. 0 0 09 0 16.0 94.3 91.0 68.4 91.7 25 7/2003 1 10 5 0.5 0. 31
2 /0 0 0 2. 0 08 9 12.0 77.3 92.0 70.5 93.8 22 8/2003 1 10  6.3 0 0. 28
3 /0 0 5. 0 0. 9 01 7 .0 4.00 99.0 99.0 92.4 97.9 20 4/2003 1 4 7 0 0. 4
3 /1 0 5. 0 2 03 0 8.00 99.8 97.0 89.8 95.8 12 1/2003 1 4 5 0.0 0. 10
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Table E10 – F  Chromosol) 
Acc. 
Days Date 
Feed 
mL 
Acc. 
Feed 
First 
Sample 
Point 
Sample 
P
Sample 
P
Sampling 
Po
Pond. 
Time 
Volume 
Available
Effluent 
Saturate 
Days 
Wetting Distance 
eeding and effluent collection for Soil Column No. 10 (Yellow
mL 
Second Third Fourth 
mm oint oint int days mL mL Point 
0 10/ 2 12/200 120 120      1177.5    
2 12/12/2002 240 0 120       2 20 36
3 13/12/2002 240 60 20 40         
4 15/12/2003 24 840 10 20         
13 24 108023/12/2002 0      9     
23 24 1320 12/01/2003 0  00         
42 24 1560 3321/01/2003 0   80      42 0 
76 50 2060 125/02/2003 0  20         
109 50 2560 1 14 6928/03/2003 0  00 80      4 0 
144 50 30603/05/2003 0    40       
180 50 3560 110/06/2003 0  20 60        
224 40 396025/07/2003 0           
247 40 4360 1 118/08/2003 0 20 00        
248 40 4760 19/08/2003 0          
282 40 5160 20(sh 125/09/2003 0  1 ut) 00        
305 40 556018/10/2003 0           
318 40 596031/10/2003 0           
338 40 6360 20/11/2003 0   40       
  6360 11  42 2030 00 Total   60 0 80    .   
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Table D11 – Effluent data analysis for Soil Column No. 11  
Column 1 y Ch l) 1 (Gre romoso
Sa
Point Dates 
of 
Samples 
uent
ded 
) 
 -N m 
D 
L 
n 
val R val 
% 
tion 
% 
 
% 
mpling No. Effl  ad
(mL
pH NH3mg/L 
PO43+
mg/L 
EC
µs/c
 TCO
mg/
Nitroge
Remo
% 
Phos. 
emo
EC 
Reduc
TCOD
removal 
Averag ni
Effluen u 6 60 0 8 0 1 0 9 0 1 2 0.00 0.00 0 00 
e I tial 
t Q ality 56 8.0 .8 .0 8 9 0.0 0.
1 25/03/2003 1 60 0 1 0 0 1 2 4 22 0 86.4 99  7 .1 8 .5 7.2 .2 .0 3 . .0 6 8
1 20/04/2003 1 60 6. 0 0 0 0 1 1  1 0 90.9 99  7 .8 9 .8 9 .8 .0 98 2. .0 9 3
1 10/05/2003 1 70 0 1 0 0 2 1 0 14 0 88.6 98  8 .8 9 .7 6.7 .0 .0 0 . .0 9 2
1 2/07/2003 1 50 6. 0 0 0 5 1 2 13 0 87.5 95  .6 .2 5 1.1 .0 1 . .0 88 93
1 5/09/2003 1 100 0 1 0 0 6 98 10 0 87.5 94  9 .0 9 .8 6.8 .1 .0 . .0 0 4
1 18/10/2003 1 50 1 0 0 3 1 2 18 0 85.2 97  .5 .6 7.0 1.3 .0 3 . .0 86 90
1 18/11/2003 1 60 6. 0 0 0 88  22 0 90.9 90  .0 .5 6 0.8 0.1 .0 . .0 91 88
2 10/08/2003 1 50 0 0 0 1 55  12 0 94.3 99  9 .4 9 .8 6.1 0.5 .0 .0 . .0 4 3
2 10/11/2003 1 50 5. 0 0 0 0 1 68  8.00 89.8 99  9 .1 9 .8 9 .9 .0 .0 .0 3 5
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Table E11 – F Chromosol) 
Acc. 
Days Date 
Feed 
mL 
Acc. 
Feed 
First 
Sample 
Point 
 
P
Pond. 
Time 
Volume 
Available
Effluent 
Saturate 
Wetting 
Point 
Travel 
Distance 
eeding and effluent collection for Soil Column No. 11 (Grey 
mL 
Second 
Sample 
Third 
Sample 
Fourth 
Sampling
Point Point oint days mL mL Days mm 
0 10/12/2002   120 120    863.5    
2 12/12/2002 240 0     1     36
3 13/12/2002 240 600          
4 15/12/2003 0 8424 0          
13  0 10823/12/2002 24 0          
23 0 1322/01/2003 24 0          
42  0 15621/01/2003 24 0          
76 3 0 2025/02/200 50 60          
109 3 0 2528/03/200 50 60 60       109 60 
144 0 3063/05/2003 50 0 60         
180  0 35610/06/2003 50 0 70         
224  0 38625/07/2003 30 0           
24  0 416 50   7 18/08/2003 30 0       
248 19/08/2003 300 4460  50      248 370 
282 25/09/2003 300 4760          
305 18/10/2003 300 5060 100         
318 31/10/2003 300 5360 50         
338 20/11/2003 300 5660 60 50        
 Total  5660 320 100 0    2490   
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Table D12 – Effluent data analysis for Soil Column No. 12  
Column 1  Kan2 (Red dosol) 
Sa
Point Dates 
nt 
d 
(
R al Re al 
% 
R on 
% % 
mpling No. of 
Samples 
Efflue
adde
mL) 
pH NH3-mg/L 
N PO43
mg/L 
+ EC 
µs/cm 
TCOD 
mg/L 
Nitrogen 
emov
% 
Phos. 
mov
EC 
educti
TCOD 
removal 
Average iti
Effluent al   8.00 8.80 1.00 980 192 0.00 0.00 0.00 0.00 
 In al 
 Qu ity 6 6360
1 1  7.61 2.50 0.08 486 39.0 71.6 92.0 50  79  2/12/2002 1 120 .4 .7
1 1  7.37 2.40 0.08 430 46.0 72.7 92.0 56  76  3/12/2002 1 110 .1 .0
1 15/12/2002 1 120 7.10 2.80 0.08 392 45.0 68.2 92.0 60  76  .0 .6
1 7  7.47 1.90 0.08 422 32.0 78.4 92.0 56  83  /01/2003 1 110 .9 .3
1 1  7.09 1.10 0.10 298 29.0 87.5 90.0 69  84  5/01/2003 1 120 .6 .9
1 5   2.40 0.14 452 42.0 72.7 86.0   /02/2003 1 100 7.20 53.9 78.1
1 27/02/2003 1 110  2.20 0.12 392 33.0 75.0 88.0 60  82  7.39 .0 .8
1 2   2.00 0.10 310 45.0 77.3 90.0 68  76  5/04/2003 1 120 6.90 .4 .6
1 1  7.  1.80 0.08 520 38.0 79.5 92.0 46  80  5/06/2003 1 100 40 .9 .2
1 1   2.70 0.07 330 33.0 69.3 93.0 66  82  9/08/2003 1 100 6.80 .3 .8
1  7.   0.09 380 41.0 78.4 91.0   5/09/2003 1 80 10 1.90 61.2 78.6
2 2  6.10 1.20 0.09 311 20.0 86.4 91.0 68  89  2/03/2003 1 90 .3 .6
2 2   0.90 0.11 274 16.0 89.8 89.0 72  91  5/04/2003 1 80 6.40 .0 .7
2 1   1.50 0.09 168 22.0 83.0 91.0 82  88  5/06/2003 1 80 6.00 .9 .5
2 1    0.08 124 15.0 78.4 92.0 87  92  9/08/2003 1 50 5.80 1.90 .3 .2
2 003 1    0  190 24.0 90.9 80  87  12/11/2 60 6.10 0.80 .10 90.0 .6 .5
3 27/04/2003 1 60 5.90 0.02 0.02 120 6.0 99.8 98.0 87.8 96.9 
3 30/07/2003 1 50 5.50 0.10 0.05 68 12.0 98.9 95.0 93.1 93.8 
3 12/11/2003 1 60 5.10 0.60 0.06 110 15.0 93.2 94.0 88.8 92.2 
4 18/10/2003 1 120 5.00 0.80 0.09 28.0 12.0 90.9 91.0 97.1 93.8 
4 30/10/2003 1 120 4.80 0.50 0.10 48.0 10.0 94.3 90.0 95.1 94.8 
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Table E12 –  Kandosol) 
Acc. 
Days Date 
Feed 
mL 
Acc. 
Feed 
First 
Sample 
Point 
Se
P P
 
Po
Pond. 
Time 
Volume 
Available
Effluent 
Saturate 
Wetting 
Point 
Da
Travel 
Distance 
 Feeding and effluent collection for Soil Column No. 12 (Red
mL 
cond 
Sample 
Third 
Sample 
Fourth 
Sampling
oint oint int days mL mL ys mm 
0 10 2 /12/200 120 120      706.5    
2 12/12/2002 240 0 120       2 80 36
3 13/12/2002 240 1600 10         
4 15/12/2003 240 1840 20         
13  10 123/12/2002 240 80 10         
23  13 12/01/2003 240 20 20         
42  15 121/01/2003 240 60 00         
76  20 1 325/02/2003 500 60 10 90   76   76 90 
109  2528/03/2003 500 60  80        
144  30 1 1 73/05/2003 500 60 20 80 60     44 50 
180 500 6010/06/2003 35           
224  39 125/07/2003 400 60 00         
247  4318/08/2003 400 60   50       
248  47 119/08/2003 400 60 00 50         
282 400 6025/09/2003 51           
305  556 1 3 818/10/2003 400 0 80   20    00 60 
318  596 131/10/2003 400 0    20      
338  63620/11/2003 400 0  60 60        
   636 11 3 1 2 1Total  0 90 60 70 40   650   
 
 
  
 
 
 
 
 
 
Appendix C 
Field Sampling Checklists 
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Checklist A Site Selection Information 
ate  / / 
ite No. 
riority Level: 
Factor Description 
 
 
 
D
S
P
 
 
Slope  
Vegetation  
Soil Type  
Soil Profile  
Land Size  
Land Use  
Distance From Creeks  
Distance from Previou
Site 
s  
General Comments  
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Ch n 
ate:      /  / 2001 
ecklist B Field site sampling informatio
 
D
Site No./ 
GPS Coordinates/ …………N:………………………………E:………………… 
Address/ 
UBD Reference/ 
Label/ 
No. Of Samples/ 
Site Field Description/ 
Planning Risk Level (priority / 
h      2) High       3) Medium-High      4) Low    5) Sewered 
)
1) Very Hig
Expected Soil/ 
Actual Soil/ 
Vegetation (Type, assessment and land use)/ 
Water Sources/ 
Site Description (Landscape, tructure and use)/  S
Field Soil Moisture Content/ 
pH/ 
Weather Condition/ 
Ground Condition/ 
Drainage (creeks and patterns)/ 
General Comments/ 
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